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ABSTRACT 


A number of New England “granites” and their associated pegmatites were ana- 
lyzed spectrographically for their minor element content. The analyses were made 
of the rocks as a whole and of the rock-forming minerals separately. 

(1) Each granite had well-marked minor element characteristics whereby it could 
be distinguished from the others. 

(2) Almost invariably the granites and the granite minerals had a greater variety 
of minor elements than the adjacent pegmatites and pegmatite minerals; when the 
same element was found in both environments it was more abundant in the granites. 

(3) The following pairs of elements varied together: barium and strontium, and 
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vanadium and chromium. The barium-strontium relationship was true in all mineral 
and rock samples; that of vanadium-chromium was marked only in the granites. 

(4) Biotite, where present in a granite, contained the bulk of the minor elements 
of the rock. 

(5) A genetic as well as an areal kinship between many of the granites and peg. 
matites was suggested. 

(6) Most elements were preferentially concentrated in the biotites of a two-mica 
granite, only barium, scandium, sodium, and strontium being concentrated in the 
muscovites. 


INTRODUCTION AND ACKNOWLEDGMENTS © 


The rocks studied were chiefly granites but included some quartz mon- 
zonites. The term minor element is here applied to an element present in 
an amount of less than 1 per cent. Analyses and comparisons were made 
on both the rock as a whole and the major constituent minerals sepa- 
rately. The minerals separated were quartz, feldspar, muscovite, and 
biotite. All white micas were included under muscovite, and black micas 
under biotite. No attempt was made to separate the various types of 
feldspars. The modal analyses give the percentage of the different types 
of feldspars in each granite. 

Most of the granites were rather fine-grained, and some of the mineral 
samples could not be freed from inclusions or adhering particles of other 
minerals. All the mineral samples from the pegmatites were free from 
inclusions. 

The quartz contained fewer minor elements than the feldspars and 
micas; so, if, as is usual, small particles of feldspar or mica should adhere 
to a number of quartz grains, an analysis of such quartz grains would 
not give a true analysis of the quartz as such. Thus, quartz analyses are 
not included. 

The graphic plots of analyses for “white mica” and “black mica” are 
characteristic for each of these minerals. For example, zirconium may be 
present in biotite as small zircon crystal inclusions, and other minor ele- 
ments may be present in inclusions or in solid solution, but the kind and 
proportions of minor elements in the biotite are characteristic for that 
mineral. 

To obtain a close areal relation between the granite and pegmatite 
samples only those pegmatites actually within a granite mass or within 
a few feet of its border were chosen. For this reason, and because of the 
desired freshness of the rock, most of the specimens were taken from 
granite quarries. All specimens came from the New England Province, 
including Maine, New Hampshire, Vermont, Massachusetts, and Con- 
necticut. For a discussion of current theories on the origin and classifica- 
tion of pegmatites, see Hess (1925), Landes (1933), Schaller (1933), and 
Fersmann (1931). Kemp (1924) gives a good review of the ideas on 
pegmatites up to that time. 
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The following data are included: (1) graphic plots of the qualitative 
analyses of the granites, granite micas, and pegmatite micas; (2) five 
sets of graphic plots of analyses of two or more granite specimens from 
the same quarry (indicating the reproducibility of analyses of different 
specimens from the same quarry); (3) quantitative analyses of both 
granite and pegmatite feldspars. 

Much work has been done in the last 20 years on the spectrographic 
analyses of minerals and rocks, especially abroad. <A detailed bibliog- 
raphy is not included, but the following articles are of interest in con- 
nection with the present study. Goldschmidt (1933) discusses the dis- 
tribution of minor elements in pegmatites between geologic provinces 
and (1937) the principles of distribution of chemical elements in minerals 
and rocks from the crystal chemistry standpoint. 

Van Aubel (1935) found that the distribution of minor accessory ele- 
ments in some Belgian Congo fragments of tantalo-columbite, samarskite, 
and euxenite varied according to the stream from which the specimen 
came. 

The work was undertaken after consultation with Professor W. H. 
Newhouse, of the Department of Geology at the Massachusetts Institute 
of Technology, who helped in all phases of the work. Mr. Richard 
Jarrell, of the Cabot Spectrographic Laboratory of the Geology Depart- 
ment of the Massachusetts Institute of Technology, assisted in the lab- 
oratory technique. 

METHOD OF ANALYSIS 


The present problem is peculiarly adapted to the spectrograph, which 
offers the quickest, cheapest, and, for percentages of less than 1 per cent, 
generally the most accurate method of analysis for most of the elements 
in mineral and rock samples. 

Qualitative analyses were made of most of the mineral and rock 
samples, and quantitative analyses of the granite and pegmatite feld- 
spars. 

The instrument used is in the Cabot Spectrographic Laboratory of 
the Department of Geology at the Massachusetts Institute of Technology. 
It is a Wadsworth mounted 21-foot concave grating instrument with 
30,000 lines to the inch and 6 inches of ruling. The dispersion is about 
2.5 Angstroms per millimeter. 

The spectra were taken on 4- by 29%-inch Eastman antihalation 
safety process film. 

Both the cathode-layer and the positive-column methods were tried 
on a series of mineral and rock samples, and the former proved the better 
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because there was less background, the element lines were stronger for 
the same amount of sample, and smaller samples were needed. 

The fundamental difference between the two methods is that in the 
cathode-layer method the lower electrode, which contains the sample, 


Taste 1—Element lines used for qualitative and quantitative work 


Element Symbol Wave length in A. U. 

Zr 3392.0 


is the cathode, and only the light near the cathode passes into the spectro- 
graph. In the positive-column method the bottom electrode is the anode, 
and light from the central part of the are passes into the spectrograph. 

The qualitative analyses were made from a partly quantitative basis 
as follows. Instead of merely noting the presence or absence of an 
element, an estimate was made of the relative density of the element 
line when compared with the same line in other spectra on the same plate. 
Since density measures amount, sample 1, for example, has more of an 
element than sample 2 and less than sample 3. This, however, gives no 
indication of absolute quantities. Repeated runs of the same sample 
checked very well when run on the same plate. 

The quantitative analyses were made by the internal-standard method. 
Silicon, present in all samples, proved to be satisfactory for the internal 
standard. Table 1 gives the wave lengths of the element lines used. 
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For a discussion of quantitative spectrographic technique, see Brode 
(1939) and Strock (1936) (cathode-layer method). Bray (1942) also 
outlines the same general procedure used in the present work. Meggers, 
Kiess, and Stimson (1922-1923) give a good background for a study of 
quantitative spectrographic methods. Fitch (1930) and Van Tongeren 
(1938) give methods for spectrographic analysis of minerals and also 


many analyses. 
QUALITATIVE RESULTS 


GENERAL STATEMENT 

All qualitative results are partly quantitative, since relative amounts 
of a given element are compared in different samples. Since comparisons 
between samples can be made only on the same plate, different combina- 
tions of groups of samples were run on different plates in order to bring 
out a variety of relationships. 

Two major relationships were obtained: (1) The same types of samples 
from different localities were run on the same plate so as to compare the 
locality variations; and (2) the same minerals from granite and peg- 
matite from the same locality were run on the same plate to determine 
the relative amounts of minor elements in the two different environments. 

Three sets of data were obtained to illustrate the first relationship. . 
Analyses were made of (1) granites from all the localities; (2) granite 
micas from all the localities; and (3) pegmatite micas from all the 
localities. Two sets of data were obtained to illustrate the second 
relationship: (1) The granite feldspars were compared with the pegma- 
tite feldspars; and (2) the granite micas were compared with the pegma- 
tite micas. 

As stated, an attempt was made to compare quartz from the granites 
with quartz from the pegmatites, but the former were “salted” to such 
an extent by adhering foreign matter that the results had little meaning. 

Significant conclusions are outlined in the following section. Some of 
the data concerning locality variations of the same mineral or rock are 
presented in the form of maps (Figs. 1-4). No data concerning varia- 
tions of minor elements between granites and pegmatites are included. 

Some results are obviously well known but are included for complete- 
ness and as further substantiation of their validity. 

In forming the maps, 12 elements were chosen which were nearly 
always present in the samples and which showed the most variations. 
For consistency the same elements were chosen for each mineral and 
rock whether they were minor elements or essential. Twelve spoked 
wheels were plotted on the maps, each spoke representing a given element, 
and the length of the spoke the relative amount of that element com- 
pared to the same element at the other localities. 
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Comparisons of relative amounts between quarries can be made when | 
only one element is considered; the ratio of the lengths of spokes when 
two elements are considered has no meaning, whether on the same or 
on two different wheels. 
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Ficure 1—Qualitative granite analyses 
These show similarity of analysis diagrams of different specimens from same quarry. 


AREAL RELATIONSHIPS 

Granites.—The following elements, both minor and essential, were 
noted in one or more of the granite specimens: Al, Ba, Ca, Cr, Cu, Fe, = 
Ga, K, La, Mg, Mn, Na, Se, Si, Sr, Ti, V, Y, and Zr. 

The following specimens, arranged in groups, came from the same 
quarries: 1 and 2, 7 and 8, 14 and 15, 17, 18, and 19, 23 and 24. 

Figure 1 represents graphically the analyses of these granites. The 
specimens from the same quarries were generally 100 to 200 feet apart, _ 
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GRANITES 


17, 18,19 


Ficure 2.—Map of qualitative spectrographic analyses of granites 
Lengths of radii of diagrams give relative amounts of a given element in different localities. 
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and the results indicate clearly that a given granite has definite individual 
minor element characteristics, certainly as regards the area of a large 
quarry. 

The results of Bray’s (1942) spectrographic analyses of some of the 
Colorado Front Range igneous rocks demonstrate further the ability of 
the spectrograph to differentiate among granites. By means of the minor 
elements Bray distinguished between any of the igneous rocks of the 
Jamestown district of the Front Range of Colorado. Each rock had its 
own suite and abundance of minor elements. 

There is a rough relationship between barium, strontium, and mag- 
nesium. A large amount of one of these elements is accompanied by a 
large amount of the others. The relationship between barium and 
strontium is the closest. 

Correlation between the amounts of vanadium and chromium is close. 


Granite micas.—The following elements, both minor and essential, 
were noted in one or more of the biotites: Al, Ba, Ca, Co, Cr, Cu, Fe, Ga, 
K, La, Mg, Mn, Na, Ni, Se, Si, Sr, Ti, V, Y, Zn, and Zr. One or more 
of the muscovites had all the elements found in the biotites except Co, 
Ni, and Zn. 

Analyses of specimens from the same quarry checked fairly well, 
especially when differences between one quarry and another were con- 
sidered. The reproducibility was not, however, so well marked as in the 
granites from the same quarry. 

Figure 3 shows that: (1) Biotites generally have more minor elements 
than do muscovites; (2) in the two-mica granites all elements are more 
abundant in the biotites, except barium, scandium, and strontium, which 
are always more abundant in the muscovites, and vanadium which occurs 
in about equal amounts in the biotites and muscovites; (3) in general, an 
abundance of minor elements in a granite mica corresponds with an 
abundance in the granite as a whole, and a pegmatite mica with an 
abundance of minor elements in general cuts a granite whose mica also 
has an abundance. 


Pegmatite micas.—The following elements, both minor and essential, 
were noted in one or more of the biotites: Al, Ba, Ca, Cr, Cu, Fe, Ga, K, 
La, Mg, Mn, Na, Ni, Se, Si, Sr, Ti, V, Y, and Zr. The muscovites had 
all the elements found in the biotites except Cr, La, Ni, Y, and Zr. 

Figure 4 shows that: (1) pegmatite biotites have invariably more 
minor elements than the muscovites; (2) pegmatite micas have fewer 
minor elements than the corresponding micas from the adjacent granite, 
and, when the same element is present in both the pegmatite and the 
granite mica, it is invariably less abundant in the pegmatite mica. 
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GRANITE MICAS 


La 
Muscovite ——— Fe Mg 
Mn Se 
Biotite ..... Cr Y 
Vv T 


Figure 3.—Map of qualitative spectrographic analyses of granite micas 
Lengths of radii of wheel diagrams give relative amounts of a given element in different samples. 
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PEGMATITE MICAS 


Muscovite 


Biotite 


Ficure 4—Map of qualitative spectrographic analyses of pegmatite micas 
Lengths of radii give relative amounts when only one element is considered. 
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GRANITE AND PEGMATITE RELATIONSHIPS 


Granites compared with pegmatites——The minor element content of 
94 pegmatites was compared with that of the respective granites cut by 
the pegmatites. The results showed conclusively a marked concentration 
in the granites when compared with the pegmatites. The one element 
showing a marked increase in the pegmatites was potassium. This, of 
course, is not a minor element. The sampling of an individual pegma- 
tite would be open to some doubt. However, when 24 granite-pegmatite 
pairs showed the relations stated above, the results had a definite meaning. 


Granite feldspars compared with pegmatite feldspars—A number of 
granite feldspars were compared with the corresponding pegmatite feld- 
spars. The results showed an increase of potassium (not a minor ele- 
ment) in the pegmatite feldspars and, in general, a decrease in all minor 
elements. These results check the quantitative results obtained on the 
feldspars as well as the data obtained from comparing the granites with 
the pegmatites. 


Granite micas compared with pegmatite micas—On the whole, minor 
elements were more abundant in the granite micas than in the corre- 
sponding pegmatite micas, and the biotites had more than the muscovites. 
When both types of mica occurred in either a granite or a pegmatite, 
scandium and sodium were definitely concentrated in the muscovites. 
Ca, La, Mn, Ti, and Zr were definitely concentrated in the biotites, and 
the other elements gave inconclusive results. 


MISCELLANEOUS RELATIONSHIPS 

Comparison of minor element content of gneissic and massive granites. 
—The following granite specimens are gneissic: 5, 17, 18, 19, 20, 21, 22, 
and 25. The major difference between these and the massive granites is 
in the barium-strontium ratios of the quantitatively analysed feldspars. 
(See Table 2.) The barium:strontium ratio of the feldspar from a 
massive granite is in general much closer to that of the feldspar from the 
adjacent pegmatite than is that of the feldspar from a gneissic granite. 


Grain size and minor element content of granites—The granites varied 
very little in grain size; nine-tenths were fine-grained. However, an 
attempt was made to arrange them visually according to grain size, and 
a tentative very rough correlation was found between the grain size of 
the granites and the abundance of minor elements—the finer-grained 
the granite, the more abundant the minor elements. 


Correlation between amount of biotite and minor element content of 
granites—A very good correlation existed between the biotite content 
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TABLE 2.—Quantitative analyses of granite and pegmatite feldspars 


Figures give weight percentage. 


Granite 
No. or Ba Ga Fe La Mn Sr Ti Vv = Zr | Ba/Sr 
Pegmatite 

3 G 006 002 | .082 021 | 1.3 

5 G 06 .002 .006 011 5.5 

7 G 03 003 | .08 02 .002 006 i Pre 01 02 5.0 
02 003 | .03 |...... .001 2.2 

8 G 04 .003 008 5.0 
P 01 003 | .05 |...... .003 2.5 

9 G 01 .002 2.5 

12 G 06 .004 .005 026 2.3 

14 G 22 .005 | .100 092 2.2 

15 G 17 006 14 05 .005 053 3.2 

19 G 20 005 | .06 01 .002 | .028 ROR Cae ere 7.1 

21 G 0001 .004 001 0.1 

23 G 30 64 05 .010 8 re See 02 3.5 
05 O11 .11 02 .003 023 2.2 

24 G .28 .002 | .19 .04 .004 | .072 .04 3.9 
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of the granites (obtained from the modal analyses) and the amount of 
minor elements in the rock. The higher the biotite content the more 
abundant the minor elements. This was true except in granite specimen 
number 22 (aegerite granite), which had very little biotite but abundant 
minor elements. In this case the aegerine itself is probably the host 
for the minor elements. 


QUANTITATIVE RESULTS 


Table 2 gives the data on the pegmatite and granite feldspars. Quan- 
titative analyses of only the minor elements were made. 

As in all the other analyses, the minor elements were more abundant 
in the granite mineral than in the corresponding pegmatite mineral. 

In almost all cases there was more barium than strontium in a sample. 
Also, in general, where the barium-strontium ratio was large in a granite 
feldspar it was large in the corresponding pegmatite feldspar. Such a 
relationship, where present, suggests a common source for the granite 
and the pegmatite. 

Other data which substantiate the common origin are: (1) The same 
kind of mica usually occurs in both a granite and the cutting pegmatite; 
and (2) Abundant minor elements in a granite mineral correspond 
roughly with an abundance in a pegmatite mineral. At places this 
threefold indication of common origin is better than at others. 

Bray (1942) found that rather generally in the Front Range granite 
of the Jamestown district of Colorado the barium-strontium ratio, 


a was smaller in the pegmatites than in the granites. He attributed this 


to the fact that the strontium atom is smaller than the barium atom and, 
at low temperatures, at which pegmatites are formed, is given preference 
as being able to fit into the more well-ordered, low-temperature feldspar 
structure. The present data substantiate this in 14 out of 20 pairs. 


DESCRIPTIONS OF SPECIMENS 


Except when otherwise noted, the granites are rather fine-grained. 
The pegmatites rarely have crystals in excess of 1-114 inches. 

All specimen numbers, unless otherwise noted, refer to a granite- 
pegmatite pair, the granite in all cases from within 2 to 3 feet of the 
pegmatite. 

The modal analyses were made by the author. See Dale (1911; 1923) 
for further descriptions of most of the quarries. 

(1) Pirie quarry, southern part of Barre district, Vermont. Not many pegmatites 


in this district; Pirie quarry has most. Biotite granite. Pegmatite 3-foot, branching. 
(2) Same quarry as No. 1. Granite specimen from the dump. 
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Mopat ANALYSIS OF GRANITE 


Plagioclase largely sericitized. 


(3) Benzie quarry, Groton, Vermont about 1% miles south of the town. 


Very 


few pegmatites. Biotite granite. Pegmatite 6 inches wide and rather sharp-walled. 


Mopat ANALYSIS oF GRANITE 


(4) Fabyan House, New Hampshire. No pegmatites. Granite from bed of 
Ammonoosuc River. Sheets averaging 2 feet thick. Conspicuous. Granite medium- 


to coarse-grained. 
Monat ANALYsIs oF GRANITE 


Plagioclase (Andesine—Oligoclase) 24.5 


Orthoclase somewhat kaolinized. 


(5) Randolph, New Hampshire, high point on Dolly Copp Road. Specimens from 


within granite mass but within about 100 feet of granite-schist contact. 
gneissic granite. Pegmatite, flat-dipping, of variable thickness. 


Mopat ANALYSIS OF GRANITE 


Binary 


(6) Eagle Gray quarry, Fryeburg, Maine. At northeast foot of Stark’s Hill, about 
1% miles south of Fryeburg village. Muscovite-biotite granite. One-foot pegmatite 


with fairly sharp walls. 
Monat ANALYsIs oF GRANITE 


(7) Maine and New Hampshire Granite Corporation quarry, North Jay, Maine. 
Granite in places gneissic. Biotite-muscovite granite (massive). Pegmatite 2 feet 
thick with fairly sharp walls and steep dip. 
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Mopat ANALYSIS OF GRANITE 


(8) Same quarry as No. 7. Pegmatite from a gneissic streak which runs through 
massive granite. Streak is about 30 feet wide, with a steep dip, and is made up of 
gneissic granite and pegmatite stringers oriented with streak as a whole. Granite 
specimen is from massive phase just outside streak. 

(9) Brunswick, Maine. Quarry about 3 miles west of center of town on secondary 
road which parallels U. S. route 1 about %4 mile to the south. Schist outcrops within 
¥ mile of quarry. Biotite granite, coarse-grained. Pegmatite flat-lying with fairly 


sharp contacts. 
Mopat ANALYSIS OF GRANITE 


Plagioclase largely sericitized. 
(10) Waldeboro quarry, Waldeboro, Maine. On U. 8S. route 1 about 1% miles 
north of the town. Muscovite-biotite granite. Pegmatite 4 inches thick, with sharp 


contacts and steep dip. 
Monat ANALYSIS oF GRANITE 


Plagioclase (Oligoclase-Andesine) 30.7 


(11) Enfield, New Hampshire, 3%4 miles north of town and % mile east of the 
road. No pegmatites, granite crisscrossed with aplite dikes. Biotite granite. 


Mopat ANALYSIS OF GRANITE 


(12) Perry-Sunapee quarry, Sunapee, New Hampshire. Many pegmatites up to 
1 foot thick, contacts sharp, thickness uniform. Muscovite-biotite granite. Pegma- 


tite 4 inches thick. 


Mopat ANALYSIS OF GRANITE 
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(13) Swenson quarry, Concord, New Hampshire. Muscovite-biotite granite. One 
3-inch pegmatite, with sharp contacts, very straight and uniform as far as exposed 
(about 200 feet). 

ANALYsIs oF GRANITE 


Plagioclase (Oligoclase-Andesine) .............. 28.6 


(14) Young’s quarry, Milford, New Hampshire, on route 101A 1.7 miles southeast 
of the town and 0.1 mile southeast of the road. Dark granite. A massive phase 
overlain by granite-gneiss, which has many pegmatitic streaks and which apparently 
join those in the massive granite. Specimen about 50 feet from gneiss-granite con- 
tact. Two-inch branching pegmatite, cutting massive granite. 


Mopat ANALYsIS OF GRANITE 


24.1 


(15) Same quarry as No. 14. Granite is massive type, and a horizontal pegmatite 
separates it from overlying gneiss. Pyrite is local, especially in pegmatite. 

(16) Same quarry as No. 14. No granite specimen. Pegmatite from the gneiss, 
about 5 feet from contact with massive granite. 

(17) McCauliff quarry, Fitchburg, Massachusetts, on west side of Rollstone Hill. 
Especially rich in pegmatites and noted for those bearing tourmaline. Muscovite- 
biotite granite-gneiss. Pegmatite has a variable width, 1-2 feet, with relatively sharp 
contacts, carries tourmaline in places, and is bordered by a muscovite-rich band. 
(See Hitchen (1935) for a discussion of the Fitchburg Pegmatites.) 

(18) Same quarry as No. 17. Granite specimen from within 200 feet of No. 17. 


Mopat ANALYSIS OF GRANITE 


(19) Same quarry as No. 17. Two-inch pegmatite which has mica flakes oriented 
with grain of enclosing granite as well as a number of schist inclusions in granite. 
(20) Harris quarry. About % mile north of North Acton station, Massachusetts. 
Very few pegmatites. Biotite-muscovite granite gneiss. One-foot pegmatite with 
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Mopau ANALYSIS OF GRANITE 
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(21) H. N. Fletcher quarry, south side of Snake Meadow Hill, Westford, Massa- 
chusetts. Many small dikes of fine-grained granite, aplite and pegmatite. Musco- 
vite-biotite granite gneiss. A 2-inch pegmatite with sharp contacts. Quartz not 


prominent. 
Mopau ANALYSIS OF GRANITE 


Plagioclase (Oligoclase-Andesine) 21.0 


Plagioclase largely sericitized. 


(22) Scott quarry, Quaker Hill Village, Connecticut, 3 miles north of New London. 
Abandoned, on main road just south of village and appears as a road cut. Aegerite 
granite gneiss. Pegmatite, small, with relatively sharp contacts. 


Mopat ANALYSIS oF GRANITE 


(23) Millstone quarries, Millstone Point, Connecticut. Specimens from a few 
tens of feet of border of granite mass. Granite is overlain by a gneiss, remnants of 
which are in granite. Biotite granite. A 3-inch pegmatite with very sharp walls, 
which runs straight for about 200 feet (only part exposed). 

(24) Same quarry as No. 28, and from within 5 feet. Granite the same. Pegma- 
tite, in striking distinction to that in pair No. 23, grades into granite and occurs in 
patches with prominent thinning and thickening. 


Mopat ANALYSIS OF GRANITE 


(25) Sullivan quarry, Rockdale, Massachusetts, 2 miles northeast of New Bedford. 
Biotite-muscovite granite gneiss. A 2-inch pegmatite, with prominent branching and 
sharp contacts, consisting primarily of black quartz and pink feldspar. 


Mopar ANALYSIS OF GRANITE 


Plagioclase (Oligoclase-Andesine) 33 
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Ficure 1. LepGes or MARTINSBURG 
Bed of Susquehanna River, above Harrisburg 
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Ficure 3. VERTICAL TuBES IN JuNIATA Rep SANDSTONE 
Cumberland County 
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ABSTRACT 


The chief expression of Ordovician clastic sediments in Pennsylvania is the 
Martinsburg group which forms a broad band from the east-central to south-central 
border. In central Pennsylvania is an isolated area of Reedsville shale. The Bald 
Eagle conglomerate and sandstone and the Juniata red beds, younger than the 
Martinsburg and Reedsville, have a wide distribution in central and south-central 
Pennsylvania. Fossils, age of subjacent and superjacent beds, and other data 
delimit the Ordovician clastics. The Martinsburg consists of a lower, shaly part 
(slaty in east) whose age ranges from early Trenton through Eden. Above, the 
shale may pass into sandstone of early Maysville (Pulaski) age. Locally, the 
Jonestown red beds, Eden and younger, are continental equivalents of the marine 
Martinsburg with which they intergrade. Structures, stratigraphy, and paleontology 
indicate that the marine Martinsburg is twofold: shale below sandstone, not 
threefold: shale, sandstone, shale, as sometimes stated. The Reedsville is less 
arenaceous than the Martinsburg and ranges from late Trenton into early Mays- 
ville. The Bald Eagle and Juniata are of Maysville-Richmond age. The Martins- 
burg has a maximum thickness between 3000 and 4000 feet, the Reedsville about 
1500, the Bald Eagle and Juniata each range from zero to 1000 or 1500 feet. 
Fossils are fairly abundant in the Martinsburg and Reedsville but absent from 
the other units. Metamorphism has altered the shaly, lower Martinsburg in the 
east into commercial slate. Local, basic, igneous intrusives cut the Martinsburg. 
The Taconic Disturbance affected the Martinsburg from the Susquehanna Valley 
eastward, but not the other Ordovician clastic beds. This tectonic interval can 
therefore be dated post-Pulaski but pre-Richmond. Since it did not come at 
the close of the Ordovician, it may not be precisely the chronologic correlate of 
the Taconic Disturbance of New York. The Martinsburg and Reedsville together 
represent the offlap phase of the Cambro-Ordovician sedimentary cycle, but the 
record of terminal events is lost due to Taconic folding and succeeding erosion. 
The Bald Eagle and Juniata are stratigraphically, structurally, and in provenance 
distinct from the normal cyclic sequence. 


INTRODUCTION 


Ordovician stratigraphy in Pennsylvania has received scant attention 
as a whole, although searchingly studied locally. The system consists of 
limestone overlain by clastics. Shales locally are altered to slate. This 
account treats only the clastic sediments. 
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The writer has for some years studied the Ordovician clastic sediments 
in the State. Particular attention was given Berks and Lehigh Counties 
during the 1939 and 1940 field seasons in preparing a chapter on the 
Martinsburg group of Lehigh County (Miller et al., 1941). Emphasis 
is placed upon the clastics in Lehigh County because this area is a 
crucial region connecting areas of altered and unaltered Ordovician. 

This distribution of the younger Ordovician units in Pennsylvania is 
indicated in Figure 1. Table 1 lists the sequences of the Ordovician 
clastics from Pennsylvania and adjacent areas. 


ORDOVICIAN CLASTICS 
MARTINSBURG GROUP 


General statement —In Pennsylvania the Martinsburg group (“forma- 
tion” of most writers) is the dominant Ordovician clastic sequence. The 
group as here used includes the Fairview and Shochary sandstones and 
several other units! Therefore, Martinsburg group is preferable to 
formation (Willard, 1939). Distinct from the underlying Martinsburg 
and its sandstones are the Juniata and Bald Eagle beds, of whose Ordo- 
vician age there is little doubt. The red Juniata is a correlative of the 
Queenston red shale of New York. Willard and Cleaves (1939) pro- 
posed that the Bald Eagle conglomerate and sandstone be considered the 
basal member of the Juniata; they believe the Bald Eagle is at least 
partly Richmond in age, not all Oswego as reported by some authors. 


Distribution—The Martinsburg (sensu stricto, excluding the Reeds- 
ville) crosses Pennsylvania from the east-central border to the south- 
central border of the State. There are a few unimportant outliers. In 
central Pennsylvania, chiefly in Centre, Clinton, and adjacent counties 
south and east is an area of older Paleozoic rocks which includes Ordo- 
vician clastics. The oldest, the Reedsville shale, closely resembles the 
Martinsburg but is less sandy, lacks red beds and the peculiar thin 
limestones found in the eastern Martinsburg, and its base is younger. 

The Martinsburg or equivalent beds cross New Jersey into New York 
along the Hudson River Valley. Southward, the Martinsburg crosses 
Maryland into West Virginia and Virginia. 


” 


Type locality—The Martinsburg was first named “Martinsburg shale 
by Geiger and Keith (Wilmarth, 1938) but only a few general remarks 


1Other units are the Jonestown red beds and certain local limestones, conglomerates, etc. The name 
Dauphin is proposed for the lower, shaly portion of the group. This name is taken from Dauphin 
County within whose borders are many excellent exposures and sections of the lower Martinsburg. 
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Ficure 1. Manns Narrows, Jacks Mountain 


. TYRONE 


Ficure 2. 


BALD EAGLE SANDSTONE 
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WILLARD, PL. 3 


Ficure 1. SAnpy MARTINSBURG 
South of Slatington. Interbedded shale. 


Ficure 2. Lower MARTINSBURG 
Limestone inclusions, Lemoyne. 


MARTINSBURG GROUP 
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appeared. In 1894, Keith published the first adequate description as 


follows: 

“This formation occurs only in one belt in this area—near the center of the 
Shenandoah Valley. Martinsburg, West Virginia, is situated on the western edge 
of this belt and gives its name to the formation. It consists of black and gray 
calcareous and argillaceous shales of fine grain, and shows no variations within this 
area. It contains 80 per cent of argillaceous and siliceous matter, and the remainder 
is chiefly carbonate of lime.” 

Keith assigned a thickness between 700 and 1000 feet, the top eroded, the 
base resting upon the Shenandoah limestone. Correlation was suggested 


with the Hudson River and Utica shales. 


Topographic expression.—In general the Martinsburg group forms low, 
rolling hills. The sandstones of the group in south-central Pennsylvania 
are poor ridgemakers. Commonly they contain calcareous cement and 
break down readily. Thus, the massive sandstones in Wildwood Park in 
the northern end of Harrisburg are scarcely noticeable as topographic 
features, though small hills occur on the west bank of the Susquehanna 
above Harrisburg. The sandstone may appear as ledges in the river 
(Pl. 1, fig. 1). A conglomerate called Paxton Creek (Willard and 
Cleaves, 1938) supports Reservoir Hill in Harrisburg and is exceptional. 
In northeastern Berks and northwestern Lehigh counties sandstones of 
the Martinsburg are pronounced ridge makers. The most prominent is 
Shochary Ridge (Pl. 1, fig. 2), which reaches a maximum elevation of 
over 1060 feet in Lehigh County. At its contact with the underlying 
limestone to the south, the Martinsburg has locally been metamorphosed 
to a more resistant rock. Under such conditions a small ridge may 
develop. Thus, at Hershey, the Hershey Hotel is located on this type 


of hill. 


Lithology—Behre (1933, p. 136) has described the lithology of the 
Slate Belt as follows: 


“For practical purposes, the formation is best subdivided on a lithologic basis 
into a lower, middle, and an upper part. The lower part is characteristically a 
banded clay slate, though there are also thin sandstone beds. The middle member 
contains sandy beds as its most typical facies, though some truly slaty beds are 
also found in it. The uppermost member is banded like the lower, but there is less 
sand and the individual beds are much thicker. The differences between these sub- 
divisions are relative and in areal mapping the line between them is drawn with 


difficulty.” 

Some new data have been accumulated on the sandstone called 
Shochary by Willard and Cleaves (1939) from the type locality, Shochary 
Ridge of Lehigh County, where it is about 750 feet thick. The upper 
150 to 200 feet, unlike the lower part, are essentially noncaleareous and 
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so betray their presence topographically.2 Throughout, the sandstone 
is medium- to fine-grained, well-sorted, even-bedded, arkosic. Con- 
glomeratic beds are rare. Beds of sandstone up to 4 feet thick occur, 
exemplified in cuts on U. 8. Highway 22, west from New Smithville, 
Lehigh and Berks counties, and along the Lehigh River south from 
Slatington, Lehigh County (PI. 5, figs. 1,2). When fresh, they are com- 
monly dark gray to gray brown. They weather darker or rusty to buff. 
The soil over a weathered outcrop is often full of small fragments of 
sandstone, which may be quite fossiliferous. 

There is no sharp line of separation between the sandstone and the 
shaly or slaty beds, although the contact may be topographically evident. 
Interbedded with the Shochary are certain minor variations, the most 
noticeable being conglomerates of three kinds, limestone, quartz pebble, 
and what is here called chip conglomerate. 

Some of the conglomerates are composed chiefly of pieces of limestone 
and a few sandstone phenoclasts plus shale fragments, all enclosed in an 
impure, sandy matrix.* The limestone pebbles are subangular, dark 
gray, weather lighter, and effervesce in cold, dilute hydrochloric acid. 
They occur in beds 2 to 3 feet thick and apparently are rather widely 
distributed, particularly in Berks County. They are quite distinct from 
certain edgewise conglomerates also found as lenses in the Martinsburg 
associated with small limestone deposits. 

Another common calcirudite is the chip conglomerate. It resembles the 
type just described but is finer. This extraordinary rock consists of a 
mass of small, subangular chips of limestone and some shale % to 1 inch 
in longest dimension, scattered through a sandy or muddy matrix. Ward 
reports bits of cherty material and quartz pebbles also in this type. 
On weathered outcrops the rock becomes honeycombed as the limestone 
phenoclasts weather out. Where the bed is concealed, its presence can be 
determined by characteristic float fragments. The rock has occasionally 
been quarried and burned as on the farm of Mr. Elmer Bailey, 1 mile 
northeast of Wesserville, Berks County (PI. 5, fig. 3). A road cut north 
of his house and an abandoned quarry on the hill to the east show the 


*This interpretation of the sandy eastern Martinsburg is not strictly in agreement with the sug- 
gestions made by Ward (1936; 1937). In fact, it is in this only that Ward and the author disagree 
in the interpretations of the group. Ward believes that the noncalcareous beds with Pulaski fossils 
are actually older than the calcareous beds. The writer, however, believes that if the Pulaski fauna 
in the crest of Shochary Ridge belongs in beds older than the sandstones to the south between this 
ridge and the southern shale belt, the Pulaski fauna should reappear to the south. No trace of such 
& fauna has been found. On the other hand, a few scattered fossils in the sandstones south of 
Shochary Ridge indicate that they are of Eden age. Apparently Stose (1930) had some such 
idea; that is, that the calcareous sandstone overlies the noncalcareous. However, from his sections, 
it is possible that he considered them more or less contemporaneous in Lehigh County. 

SNot to be confused with the Spitzenberg conglomerate, a unique deposit near Hamburg, Berks 
County, and probably of Triassic age. 
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conglomerate. In the quarry the conglomerate is adjacent to coarse, 
gray sandstone of the Shochary and some coarse limestone conglomerate 
including reddish, sandy phenoclasts. The chip conglomerate usually 
occurs in beds 2 or 3 feet thick, though it may be as much as 6. These 
beds, locally good key beds, are widely distributed. The author has en- 
countered them from eastern Dauphin County into Lehigh. 

Quartz conglomerates or pebbly sandstones occur rarely as restricted 
lenses. One has been mentioned in Reservoir Hill, Harrisburg. It is 
composed of ill-sorted, poorly rounded, white quartz pebbles and shale 
chips about half an inch in diameter in a muddy matrix. It is a lens 
several feet thick and extending 2 or 3 miles along the strike. 

Occasionally, beds of mud chips or shale fragments up to 6 or 8 inches 
in diameter embedded in mud and sand are found. Some of the fragments 
may be true clay galls; others are redeposited pieces of shale or mud. 
Most of the fragments are angular, sorting is poor, transportation must 
have been limited. Individual lenses may be several feet thick but are 
too restricted laterally to be of correlative value. One of the finest ex- 
amples of this type of rock was observed in cuts on the State Highway 
about one-half a mile southeast of Lynnville, Lehigh County. 

Aside from the conglomerates, the most interesting lithologic variant is 
the red beds, most abundant from Berks County westward. They are few 
and thin in Lehigh County but crop out on the small ridge about half a 
mile south of Werleys Corners near the western border of the county. 
They are more common westward, taking up about 500 feet of the section 
in Lebanon County, and then disappear shortly after crossing the Sus- 
quehanna above Harrisburg. They were named the Jonestown beds 
(Willard, 1939). Stratigraphically, the Jonestown red beds apparently 
lie near the base of the sandstones of the eastern Martinsburg and extend 
down into the underlying shale member. It is not uncommon to find the 
beds associated with thin limestones (PI. 6, fig. 2). 

Ward reports (1937) certain siliceous shales in the Martinsburg in 
Berks and Lehigh counties. The rock is harder than the surrounding 
shale, resembles dark chert when fresh, weathers brown, and breaks up 
into blocks and lumps. Silicification is irregular. Similar beds are quite 
common in the Martinsburg from the Schuylkill westward. In the 
northern shale belt, particularly of Dauphin and Lebanon counties, they 
are associated with black graptolitic shales. Occasionally several chert 
beds occur near together and have been worked for road metal as seen in 
small quarries along U. S. Highway 22. 

Limestones are present in the Martinsburg, quite apart from the lime- 
stone conglomerates cited. A few beds of coquinite occur as for example 
on State Highway 100 in Low Hill township, Lehigh County. The more 
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Ficure 1. FRANKLIN CouNTYy 
Slaty cleavage not well developed. j 


Ficure 2. NEAR SLATINGTON 
Slaty cleavage well developed. Bedding dips gently left. 
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Ficure 1. Massive MaftrinspurG SANDSTONE Co 
Wildwood Park, Harrisburg. 


Ficure 2. MasstvE MARTINSBURG SANDSTONE 
Highway 22, Lenhartsville. 


Ficure 3. Limestone-SHALE Cute CONGLOMERATE 
Northeastern Berks County. 
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abundant limestones interbedded with the clastic Martinsburg have been 
described by Ralph L. Miller (1937b) from west of the Susquehanna 
River eastward into Northampton County. He records four types: (1) 
most commonly, light-gray, fine-grained, pure stone interbedded with 
share; (2) less common, 2- to 6-inch beds of limestone separated by shale 
partings of equal thicknesses; (3) abundant platy beds 1 to 3 inches 
thick with shale partings. Examples are numerous in the Susquehanna 
Valley at Harrisburg and across the river, particularly at Enola (PI. 7, 
fig. 3; Pl. 8, figs. 1, 2; Pl. 9, figs. 1,2). Similar beds occur in the Martins- 
burg in south-central Pennsylvania (PI. 7, figs. 1, 2). A fourth type is 
massive to sandy beds 1 to 8 feet thick with occasional shales. Striking, 
edgewise conglomerates or breccias may be present. West of Lehigh 
County the limestones are associated with the dark shales and the 
Jonestown red beds. Upon this association the author recently com- 
mented as follows (Willard, 1940): 


“The lithology of the Jonestown beds and their red color point to non-marine 
conditions of origin, although non-red shales also are present. The red beds are 
associated also with thin, more or less lenticular limestones which are barren, platy 
to submassive and which may alternate with shale interbeds. . . . They contain 
cross-bedded, sandy layers, odlite, and an abundance of limestone breccia or edge- 
wise conglomerate. From neither the limestones nor the associated clastic sediments 
has any fossil, animal, or vegetable been recorded. However, mud cracks, current 
ripple marks, and probable rain prints occur. The presumptive evidence is for 
fresh-water origin of the limestones and associated red beds. Assuming alternate 
wet and dry seasons, many of the peculiar features of the limestones might be 
explained as having originated in playa lakes.” 

Little more need be said of the Martinsburg lithology west of the 
Susquehanna. Bassler (1919, p. 157) summarizes the sequence for 
south-central Pennsylvania. Under the topic of Metamorphism will be 
found comments upon certain phases of the Martinsburg developed by 
alteration. From the Susquehanna River westward into northern Frank- 
lin County, sandstones are relatively unimportant in the Martinsburg 


group which is largely shale. 


Historical sketch.—Studies of the Ordovician shales and sandstones in 
Pennsylvania go back over a century. Today there are two schools of 
thought: One holds that the Martinsburg is separable into sandstone 
above and shale (or slate) below; the other believes a middle sandstone 
member separates two shale or slate members. These two views will be 
referred to hereafter as the two-part vs. the three-part or the difid vs. 
the trifid schools. 

Rogers (1858) gives a detailed description of the rocks now called 
Martinsburg; he had already (1836; 1838) published some significant 
remarks on the “slate”. He designates (1838) as “Formation III” beds 
at least 6000 feet thick, lying along the northern side of Kittatinny Valley 


j 
: 
| 
i 


1076 BRADFORD WILLARD—ORDOVICIAN OF PENNSYLVANIA 


and describes them as “dark, fissile slates, usually blue, dark gray, black 
and dingy olive, and sometimes drab, yellow and red. Contains also some 
beds of sandstone, and a few of conglomerate”. He recognizes the pres- 
ent-day Reedsville shale of central Pennsylvania and apparently believes 
the workable roofing slate along the southern foot of Kittatinny Moun- 
tain occupies the uppermost part of Formation III. In his final report in 
1858 (p. 105), Rogers subdivides the Martinsburg as follows *: 


MATINAL SERIES 


MATINAL ARGILLACEOUS LIMESTONE (Trenton Limestone of New York), 
—A dark-blue and bluish-grey, soft, argillaceous limestone alternating near its upper 
limit with blue calcareous shale. This whole formation is very fossiliferous, being 
characterized by the Chaetetes lycoperdon, Leptaena sericea, Bellerophon bilobata, 
Isotelus gigas and many other fossils. In Northampton, Mifflin, and Centre counties, 
it is from 300 to 550 feet thick. 

MATINAL BLACK SLATE (Utica Slate of New York) —A blackish and dark- 
blue fissile slate, usually very carbonaceous, distinguished by Greptolites, Orbiculae, 
and other characteristic fossils. It appears in Northampton County and in Kishi- 
coquillas Valley. Its thickness is from 300 to 400 feet. 

MATINAL SHALES (Hudson River Slates of New York) —Bluish-grey shales 
and sandy slates containing, especially in their upper portion, many beds of argilla- 
ceous sandstone, and some layers of dark-grey siliceous conglomerate. In the 
western parts of Berks and Lebanon, the formation contains much red and reddish- 
brown slate, alternating with yellow layers. The middle portion, in certain localities, 
yields tolerably good roofing slate. It has many characteristic fossils especially a 
species of Graptolithus, of Heterocrinus, of Orbicula, of Modiolopsis and other 
Acephala, and of several Trilobites. It contains some species common to it and the 
Matinal argillaceous limestone. Thickness in Centre County, 1200 (?) feet. 


Furthermore, Rogers notes that the “Matinal shale” thins northwest- 
ward to probably 1200 feet in Centre County. He records red beds in 
the lower part of the “upper slate” in Pennsylvania and their association 
with caleareous beds and was the first geologist to advocate a difid 
analysis. 

The Second Pennsylvania Geological Survey under J. Peter Lesley 
published several county reports which include discussions of the Martins- 
burg and Reedsville. That for Lehigh and Northampton counties (San- 
ders, 1883) uses New York names, Hudson River and Utica. The 
“formation” is assigned two parts, upper and lower. The more massive 
upper part underlies more elevated country, specifically Shochary Ridge 
in Lehigh County. The large and important slate quarries belong in the 
lower division. In Huntingdon County, White (1885) refers to the 


4 Rogers gave his succession in order from oldest to youngest, therefore the first mentioned unit is 
the oldest. His parenthetic correlations with the New York sequence are significant. 
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l, Ficure 1. CrumpLep MARTINSBURG SHALE 
Franklin County. 


Figure 2. PLaty Limestone INTERBEDDED WITH Rep SHALE 
Jonestown member, Lenhartsville. 


SS 
Ficure 3. LIMESTONE IN MARTINSBURG 
Harpers Tavern, Dauphin County. Photograph by R. L. Miller. 
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Ficure 1. Limestone MARTINSBURG 
Franklin County. 


Ficure 2. TaLus or PLaty LmEsTONE 
Lower Martinsburg, Cumberland County. 


Ficure 3. Detar, or LIMESTONE IN MARTINSBURG 
Wildwood Park, Harrisburg. 
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“Loraine and Utica” shales between 1800 and 2300 feet thick. A. L. 
Ewing (D’Invilliers, 1884) records “Hudson River and Utica Slate” in 
Centre County and implies that the upper part is sandy, the lower part 
slaty. The beds underlie the Oneida (Bald Eagle) and rest upon the 
Trenton. He lists a few fossils, omits locations and stratigraphic posi- 
tions. Stevenson (1882) reports in Bedford and Fulton counties 700 feet 
of “Hudson River” and 200 of “Utica”. He mentions occurrence of 
graptolites. In Blair County, Platt (1881) finds 900 feet of the “Hudson 
River slates”. D’Invilliers (1891) in his account of Union, Snyder, 
Mifflin, and Juniata counties notes upper alternate layers of sandstone 
and shale, and lower beds of black “slates”. 

Lesley (1892) reviews “Formation No. III”, the “Utica and Hudson 
River slates or shales”. He believes that the limestone-shale relations 
below are conformable and represent uninterrupted though changing 
deposition in the Great Valley. He accepts Rogers’ reported thickness 
of 6000 feet on the Lehigh and Delaware rivers but states that only 700 
to 800 feet remains on the West Branch of the Susquehanna and Juniata 
rivers. Lesley’s most significant statement is: “We must remember 
that the direction of this thinning is across the measures northwestward; 
and that the great thickness of No. III reasonably maintains itself along 
the line of strike from northeast to southwest”. Lesley subdivides Forma- 
tion III into two parts; the upper part is dominantly sandy, heavy beds, 
the lower part thin “mudrock”. The sandstones may merge into con- 
glomerates locally. The sandy beds are ridge-making elements in 
Lehigh County. Lesley, like Rogers, reports red beds in Number III, 
particularly in Berks, Dauphin, and Lebanon counties. 

Dale (1906) observes that workable slate occurs in two belts, one to 
the north, directly beneath the Silurian of Kittatinny Mountain called 
“soft vein slate”, and one to the south, the “hard vein slate”. Dale men- 
tions red strata as far east as Werleys Corner in Lehigh County, farther 
east than his predecessors had recorded them, and close to the eastward 
limit recognized today. 

Peck (1908) assigns a thickness of perhaps 5000 feet to the “forma- 
tion”. He favors the three subdivisions in that he places the sandstones 
and graywacks in the middle part. 

Use of the name Martinsburg was officially applied in Pennsylvania 
first by Stose (1910) in the Mercersburg-Chambersburg region. His 
sequence is: 


Upper part: soft sandstone. yellowish-green 
Lower part: black. carbonaceous and fissile shale becoming calcareous at base and 
grading down into the Chambersburg limestone. 
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Bassler in his 1919 report on the Ordovician and Cambrian of Mary- 
land carries his studies northward into Pennsylvania, more or less over- 
lapping the work of Stose. He records (p. 157) the succession: 


Martinsburg shale * Feet 
Upper Maysville division. 
Unfossiliferous sandstone (Oswego sandstone). (Probably repre- 
sented under cover west of North Mountain, in Maryland)....... 150 
Lower Maysville division. 
Fossiliferous gray sandstone with Orthorhynchula linneyt bed at top. 


(Probably present west of North Mountain, in Maryland)........ 300 
Eden division. 
Yellow shale and calcareous sandstone interbedded, with upper Eden 
Soft greenish to yellow shaly sandstones and shale with Eden fossils 
not uncommon at several horizons...................c0ceeeeeees 500+ 


Trenton and ? Utica division. ; 
Dark-gray unfossiliferous shale breaking up into “shoe peg” frag- 


ments and often weathering into soft whitish clay................ 500+ 
Black carbonaceous fissile unfossiliferous shale..................... 500+ 
Calcareous dark shale and thin limestone weathering gray containing 
Granocrystalline fossiliferous limestone and shale holding the 


The present Pennsylvania Topographic and Geologic Survey ‘has paid 
special attention to the economic importance of the slate of eastern 
Pennsylvania. B. L. Miller’s 1925 report on the Allentown quadrangle 
of southeastern Lehigh and southern Northampton counties embraces the 
southern border of the Martinsburg. He assigns a thickness of only 
3000 feet to the Martinsburg. Assuming that he means the entire Mar- 
tinsburg, his is the first break from the great thickness recorded by 
Rogers and accepted by the Second Survey. Miller recognizes three 
divisions, calls the lowest a succession of shales containing local sand- 
stone and limestone beds, the middle prominent beds of brownish, cal- 
careous sandstone, the upper member shale with a few sandy strata. 

Behre (1927) assigns a tripartite character to the “formation”. In 1933 
he amplifies his 1927 report and discusses the slate for the whole State. 
The Lehigh-Northampton sequence condensed from his Figure 42 is: 

Upper Martinsburg: blue-gray and brownish, widely banded, partly 

carbonaceous slates and clay shales®............................ 2600 feet (?) 

Middle Martinsburg: brown, calcareous, locally conglomeratic sand- 

stones and sandy shales with occasional red and green shales; 
ocherous shales near base. Pulaski fauna at top, Eden at base... 4200 feet 

Lower Martinsburg: thinly banded clay-slates and slates, and fine- 


grained, calcareous sandstones; some red beds. Lower Trenton 
(Upper Black River?) fauna at base........................00. 5000 feet 


5 Note that Bassler uses the term Martinsburg in a broader sense than most geologists have used 
it in that he included the “Oswego sandstone’ at the top and limestone at the bottom which could 
be excluded from the shale facies. 

In his 1927 report Behre apparently considered the upper member to be sandier than his 1933 
report shows it to be. 
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Behre’s tripartite division is supported by detailed lithologic studies. 
Observations and chemical analyses of specimens from both hard and 
soft slates show relatively small differences. They might be used as 
arguments to show that the two units are correlates.’ Behre records the 
astonishing total thickness of 11,800 feet. He shows that his lower 
Martinsburg member is much like his upper, but sandier. While adhering 
to the tripartite interpretation, he admits that the bipartite view sup- 
ported in 1930 by Stose is not impossible. 

Behre further supports the tripartite interpretation of the Martinsburg 
with structural data. In Plate 34, a north-south section (B) across 
Lehigh County shows the northern slate member overlying the sandy 
member along their contact. Yet, Behre maps no northern shale rem- 
nants atop the sandstone to the south. To the west, where the upper 
member is said to be absent between the sandy member and the basal 
Silurian; he suggests that it thins out beneath an unconformity. Behre 
recognizes the synclinal nature of Shochary Ridge in northwestern Lehigh 
County and finds it supported by coarse sandstone and some conglom- 
erate assigned to the middle member. In general Behre makes a good 
case for the threefold interpretation of the Martinsburg in eastern Penn- 
sylvania. He may be designated as the chief exponent of the three-part 
school of interpretation. B. L. Miller (1939), with slight reservation or 
changes, appears to accept Behre’s trifid interpretation. 

The present author in the State Survey report on the Geology of 
Lehigh County (Miller et al., 1941) has indicated that he adheres to the 
two-part interpretation of the group. Unpublished reports by Ward 
(1932; 1934; 1936; 1937; 1939) and Moseley (1938) are in the author’s 
hands. An explanation should be made of the use of Ward’s work. 
Through a misunderstanding, his and the author’s field work for the 
State Survey overlapped between the Lehigh River and the Schuylkill. 
Each covered at different times this same area. Ward also did consid- 
erable work in Northampton County, much of it corroborative of that to 
the west. West of the Schuylkill he did less detailed work. At a con- 
ference, Ward generously offered to turn over his reports, maps, and 
sections to the author. Professor Ward and the writer are in close agree- 
ment on all important points. It is with acknowledgment of his work and 
appreciation of his generosity that use is made of these data. Though 
credit may not always be given specifically, Ward has made valuable in- 
terpretations of the Martinsburg, particularly in the Slate Belt. Moseley’s 


™Dr. Donald M. Fraser, in an oral communication, stated it as his opinion, after examining 
Behre’s accounts of the minerals in the slates, that the only differences are those produced by higher 
degrees of alteration of the hard (southern) slate, since it appears that the individual mineral 
crystals are better oriented in it than in the soft slate. 
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work was in part subsidized by the State Survey, and he submitted a 
brief report and maps on his observations in Hamburg quadrangle. 
These have been used as a check, and their value is here acknowledged. 

Stose (1930) stresses the Martinsburg in southern and south-central 
Pennsylvania but carries observations in some detail to Lehigh County. 
He recognizes two members or divisions, a lower shale including thin 
limestone beds, and an upper, arkosic, sandy member. The shale grades 
into slate in the east. Stose recognizes Behre’s stand on the tripartite 
interpretation but believes that his upper and lower members are actually 
the same unit appearing along the northern and southern limbs of a 
great east-west trending syncline which makes the Martinsburg Slate 
Belt. Stose produces structural and paleontologic evidence for this 
synclinal interpretation. He lists Pulaski fossils from high in the sand- 
stone, Eden fossils from older beds. Stose assigns 3000 feet as the 
maximum thickness for the eastern Martinsburg. 

The present author has studied the Martinsburg of Pennsylvania from 
Maryland northeastward. He has briefly visited localities in New Jersey, 
New York, Virginia, and West Virginia. Fairly detailed work has been 
possible as far east as the Lehigh. Northampton County has not been 
thoroughly investigated because of the available studies by others. The 
writer believes that the Martinsburg is twofold, shaly beds below sandy 
beds. Ward agrees with this interpretation. The sandy member lies 
along a synclinal axis, the shales lateral thereto in the limbs. 

The conflicting interpretations appear to be merely a recrudesence of 
an old difficulty which has beset students of the Paleozoics of Penn- 
sylvania for a century. Those who begin in the more highly metamor- 
phosed, structurally complex east and southeast and progress westward 
into less altered sections are invariably at a disadvantage as contrasted , 
with those who begin to the west or northwest and pass to the more 
altered equivalents. Not only are the eastern beds more altered, but 
they are quite likely to have been of variable or atypical origins as near- 
shore sediments, while their more remote correlatives deposited farther 
from shore represent the more nearly “normal” type of sedimentation. 
If the interpretations of the simpler sequence can be projected into the 
more complex, many difficulties can be obviated. Of the geologists who 
have supported the tripartite interpretations, practically all began with 
the eastern Martinsburg, the Slate Belt. Those supporting the twofold 
theory have based their interpretation either on a wide field of observa- 
tions or have learned the unaltered sequence first. 

The writer believes that the eastern Martinsburg is between 3000 and 
4000 feet thick, more probably nearer 3000. Of this, the upper, sandy 
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portion, the Shochary, occupies approximately 750 feet. The Reedsville 
in central Pennsylvania is between 1200 and 1500 feet thick exclusive of 
the “Oswego” which some authors group with the Martinsburg. In the 
Susquehanna Valley north of Harrisburg between 2500 and 3000 feet of 
Martinsburg is recognized. The Jonestown red beds at their maximum, 
probably in Lebanon County, are about 500 feet thick. Table 2 sum- 
marizes the opinions of the several authors reviewed. 


MARTINSBURG EQUIVALENTS IN NEW JERSEY AND NEW YORK 


Stuart Weller (1903) describes about 1165 feet of Upper Ordovician 
clastic sediments in New Jersey. He maintains that the slate and under- 
lying “Trenton” (Jacksonburg) limestone are transitional. He remarks 
that the “Hudson River” slates began to form before the close of de- 
position of typical Trenton limestones. The lower Hudson River is 
thus contemporaneous with the Trenton to the west. He questions the 
precise age of the top of the “Hudson River” formation, yet believes 
that the slate sequence is the time equivalent of the Lorraine and Utica 
of New York. Weller divides the beds into lower dark shale and slate 
with graptolites, upper sandy beds. 

The United States Geological Survey folios 161 and 191 on quadrangles 
in Northern New Jersey record areas of Martinsburg. They divide it as 
did Weller into an upper and a lower part. The Raritan Folio gives a 
thickness of 3000 feet. Lewis and Kiimmel (1915) summarized the 
geology of New Jersey. They follow Weller but give a probable thickness 
of 3000 feet to the Martinsburg. They divide the “formation” into two 
parts, upper arenaceous beds and lower black shale. Lewis and Kiimmel 
mention transitional Martinsburg-Jacksonburg relations and cite south- 
eastward outliers of Ordovician shales which they call Chazian in age and 
therefore older than the true Martinsburg. Weller had been noncom- 
mittal as to their age. 

In a letter of February 1, 1941, Meredith E. Johnson, State Geologist 
of New Jersey, wrote the author his belief as to the age of the basal 
Martinsburg: 


. . In the first place the Martinsburg outcrops in a continuous belt in the 
Great Valley from West Virginia to New Jersey and I am sufficiently familiar with 
the geology of eastern Pennsylvania and New Jersey to say without hesitation that 
the strata in these two areas are exactly comparable. 

“In the second place, fossiliferous Jacksonburg occurs just beneath the Martinsburg 
shale in the isolated block of Paleozoics at Clinton just as it does in sections farther 
to the north and though the Martinsburg in the southerly block contains a much 
higher percentage of red beds than in the Great Valley, I see no good reason for 
saying that the shale in the Clinton area is older than that in the Great Valley 
because Ulrich and Ruedemann say the graptolites are of Normanskill age.” 
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Ficure 2. NEARER View OF LIMESTONE SHOWN IN Ficure 1 
Photograph by R. L. Miller 


INTERBEDDED PLATY LIMESTONE 


WILLARD, PL. 8 
Ficure 1. In Martinssurc, ENOLA 
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Ficure 1. Dera, or LIMESTONE IN MARTINSBURG 
At Enola, shown in Plate 8. 


Ficure 2. Detar, or LimESTONE IN MARTINSBURG 
Same as Plate 8. Note thin-bedded material above, brecciated below. 


Ficure 3. BASAL MARTINSBURG 
Transitional with Chambersburg limestone, Lemoyne. 
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The Upper Ordovician sequence in New York according to Goldring 


(1931) is: 
Lorraine beds 
Pulaski shale 
Frankfort shale 
Utica shale 
Trenton beds 
The highest known Martinsburg fossils correlate with the Pulaski of New 
York. The base of the oldest Martinsburg is approximately early Tren- 
ton. The Utica is characterized as black and gray, argillaceous shale 
interbedded with gray sandstone, 800 feet thick, containing graptolite 
zones. The Lorraine beds include the Frankfort, of lithology similar to 
the Utica, and the Pulaski, alternate gray shales and sandstones. The 
sandstones weather rusty brown, may be calcareous and have a large and 
diversified fauna except for the highest beds which are reported as non- 
calcareous and carrying mainly pelecypods. The similarity of the litho- 
logic and paleontologic succession to the Martinsburg of eastern Penn- 


sylvania is obvious. 


ORDOVICIAN CLASTICS OTHER THAN MARTINSBURG GROUP 


General considerations—For distribution, thickness, and economic 
value, the Martinsburg is the most important Ordovician clastic deposit 
in Pennsylvania, but others deserve mention. The Reedsville shale is a 
partial correlate of the Martinsburg. The Juniata red beds and the 
Bald Eagle are closely related, and the Bald Eagle appears to cover a 
wide area and be of considerable correlative value. These units are in- 
volved in the interpretation of the Taconic Disturbance as it affected 
Pennsylvania. (See Table 1.) 


Reedsville shale.2—The Reedsville shale of central Pennsylvania has 
been mentioned briefly. Named by Ulrich in 1911 (Wilmarth, 1938), it 
was recognized by earlier workers who referred to it along with the 
Martinsburg under the general heading of “Hudson River”. The Reeds- 
ville is widely distributed in Centre, Clinton, and adjacent counties. The 
type locality is at Reedsville, Mifflin County. Recent work by Butts 
and Moore (1936) on the Bellefont quadrangle and by Butts (1939) on 
the Tyrone quadrangle are the latest concepts of this formation. The 
Reedsville rests upon the dark, fine, relatively thin-bedded Trenton 
limestone among whose fossils Butts lists: 

Dalmanella rogata (Sardeson) Ceraurus pleurexanthemus Green 


Dinorthis pectinella (Emmons) _Cryptolithus tesselatus Green 
Rhynchotrema increbescens(Hall) Homalonotus (Brongniartia) trentonensis Simpson 


®The term “shale” is retained here since that is the dominant lithologic character of the Reedsville. 
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The Reedsville is overlain by the Bald Eagle (“Oswego” of Butts) sand- 
stone and conglomerate. The Trenton-Reedsville relations are con- 
formable. Generalizing, the Reedsville sequence consists of a basal limy 
portion 25 or 30 feet thick which is believed to be transitional with the 
Trenton. Argillaceous shales, more or less sandy and limy, follow, the 
proportion of sandstone increasing upward into the higher beds. These 
appear to pass conformably into the Bald Eagle. A thickness of 1500 
feet is about the maximum for the Reedsville, although the average, as 
determined by Butts, is probably nearer 1000. Fossils are not generally 
abundant. An Orthorhynchula zone is usually present near the top. The 
fauna of the upper beds, Butts suggests, is equivalent to the Eden and 
Maysville of Ohio and the Lorraine of New York. The graptolites in 
the lower, shalier part are best correlated with the Utica fauna of New 
York. Thus, the upper beds appear to equal the sandy, upper Martins- 
burg (Shochary and Fairview sandstones) of eastern and sotthern 
Pennsylvania respectively. In the passage from dark shale below to 
sandy beds above, the Reedsville resembles the Martinsburg litholog- 
ically. Also, both may have thin limestones in the lower part. However, 
the Reedsville lacks red beds, and its base is not so old as that of the 
Martinsburg. The Reedsville rests upon limestone correlated with the 
upper Trenton of New York. The Jacksonburg limestone beneath the 
Martinsburg of eastern Pennsylvania is nearer middle Trenton, and the 
Chambersburg limestone beneath the Martinsburg in south-central sec- 
tions is somewhat older. Both Reedsville and Martinsburg are overlain 
by beds assigned to the Bald Eagle into which the Reedsville and the 
Martinsburg in the south grade. East of the Susquehanna the Martins- 
burg is separated from the Bald Eagle by an unconformity. Hence, the 
highest, eastern Martinsburg may be older than that to the west and 
than the Reedsville. 


Juniata and Bald Eagle beds—Most strata of continental facies of 
the Paleozoic in Pennsylvania may be demonstrated to pass into con- 
temporaneous, marine equivalents. This is particularly true of the 
Catskill continental facies of the Devonian, Bloomsburg continental 
facies of the Silurian, and, to a lesser degree, of the Mississippian and 
Pennsylvanian. There is more than a suggestion of similar conditions 
involved in the red Jonestown beds of the eastern Martinsburg. The 
Juniata red beds and the nonred Bald Eagle, as believed by Willard and 
Cleaves (1939), are dominantly continental. But, unlike most other 
Paleozoic continental beds in Pennsylvania, they possess within the 
State no known marine equivalent. This condition resembles the Mauch 
Chunk red beds underlying the coal measures in the Anthracite Region 
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which may pinch out to a feather edge rather than pass into marine beds. 
The Juniata thickens northwestward, contrary to the habits of other 
Paleozoic red units which thicken eastward or southeastward. Possibly 
its source lay to the north. Stratigraphers generally agree that the 
Juniata represents the Queenston red shale of western New York. These 
anomalies seem to rule out the Juniata and Bald Eagle as representing 
the continental facies of the Ordovician in Pennsylvania. 

If we accept the Richmond as Ordovician, we should review the chron- 
ologic position of the Juniata and Bald Eagle. These beds certainly do 
not fit precisely into the Ordovician sedimentary cycle in Pennsylvania. 
Furthermore, from the Susquehanna east, they were deposited after the 
Taconic Disturbance. On tectonic and stratigraphic grounds they may 
be isolated from the Ordovician, yet they are certainly not younger than 
Richmond, and, even though they may not conform to the orthodox 
eyele, these units are transitional below with older Ordovician beds in 
southern and central Pennsylvania. This entire question has been re- 
viewed by Willard and Cleaves (1939). 

The terms Bald Eagle and Juniata came rather recently into use for 
long-recognized units. Rogers (1858) calls them “Levant gray sand- 
stone” and “Levant red sandstone” in turn, assigning average thicknesses 
of 325 and 600 feet respectively. Lesley (1892) misapplies New York 
terms but quotes many sequences in Pennsylvania. In 1909 Grabau 
named the Bald Eagle from Bald Eagle Mountain in central Pennsyl- 
vania (Wilmarth, 1938). Darton in 1896 (Wilmarth, 1938) appears to 
have named the red beds for their exposures in the Juniata River valley 
in Pennsylvania. The term has subsequently had wide application. 

The Juniata is dominantly red shale and sandstone with occasional 
gray beds. Below, it merges with the Bald Eagle, massive gray to 
greenish sandstone and conglomerate with an occasional red bed (PI. 2, 
figs. 1,2). The Juniata reaches a maximum thickness in central areas of 
about 1600 feet and drops to zero east of the Susquehanna River north 
of Harrisburg. The Bald Eagle likewise attains a thickness in the central 


counties of 1500 or 1600 and, like the Juniata, pinches out to zero east- 


ward beyond the Lehigh River (PI. 11, fig. 3). Both units thin southward 
into Maryland. Neither the Bald Eagle nor Juniata is known to contain 
recognizable fossils, but the peculiar lithology of the Bald Eagle aids in 
its identification and correlation. Vertical tubes of undetermined origin 
occur locally in the Juniata (PI. 1, fig. 3). In all known exposures, the 
sandstone or the matrix of the conglomerate is speckled due to weathering 
of disseminated iron compounds. Furthermore, the conglomerates in 
particular are weak. The friable matrix, even when relatively fresh, 
crumbles under the hammer so that the pebbles readily break out. 
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The basal relations of the Bald Eagle are significant. Cleaves (Willard 
and Cleaves, 1939) shows the transitional relations of this with the top of 
the Martinsburg in tunnels in south-central Pennsylvania. This sequence 
is also exposed in highway cuts between McConnellsburg and Mercers- 
burg and elsewhere (PI. 11, fig. 1). At the Susquehanna River the contact 
is disconformable; 30 feet of Bald Eagle conglomerate is followed by 80 
feet of red Juniata. The Bald Eagle rests upon Martinsburg shale with 
Eden fossils. Eastward, the Juniata drops out, the Tuscarora rests in 
apparent conformity upon the Bald Eagle, and the latter is in uncon- 
formable contact with the Martinsburg, either shaly Eden beds or the 
younger Shochary sandstone. A remnant of the Bald Eagle is believed 
to carry through beyond the Lehigh River into Northampton County 
(Pl. 11, fig 3).° 


TaBLeE 3—Summary of Juniata, Bald Eagle, Fairview, and Shochary 


Juniata Bald Eagle 
Delaware Water Gap.................--. Abs. Abs. Abs. 
Bwatara Notch. Abs. 6-7 Abs. 
Susquehanna Gap, west.................. 80 30 Abs.‘ 
575 Tré Abs. ? 
775 148 204 
W. Mittateny 774 168 246 
og 820 124 135 
McConnellsburg-Ft. Louden .............. 400 150 300 
McConnellsburg-Mercersburg ............ 400 125 300 


1 Now concealed through highway construction. 
2 Thickness estimated. 

8 Present on Little Mountain, 2 miles SE. 

* Present to south. 

5 Present to NW. on Conococheague Mt. 
®Sandy upper Reedsville. 


® Miller, Fraser, and Willard (1941) omit the Bald Eagle from the geologic map and the columnar 
section, and certain north-south sections in Lehigh County. This was done at the request of the senior 
author of that report and is contrary to the understanding of Willard. Because of this omission, 
it is necessary to call the reader’s attention to the discrepancy in order that he may understand why 
the Bald Eagle is described as extending into Lehigh and Northampton counties in the present but 
not in the county report. 
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The Bald Eagle and Juniata have no appreciable effect upon the 
topography east of the Susquehanna. Only in central Pennsylvania is 
their expression important. In this region the Tuscarora sandstone 
(Lower Silurian) supports the chief mountain ridges, along which a shelf 
or secondary ridge marks the position of the Bald Eagle conglomerate 
and sandstone. The intervening depression is underlain by the red 
Juniata beds. Distinct from the Bald Eagle are the Fairview and 
Shochary sandstones here treated as part of the Martinsburg. The 
Shochary occurs in the east, the Fairview in the south-central region. 


METAMORPHISM OF THE MARTINSBURG 


From its type locality at Martinsburg, West Virginia, well into Penn- 
sylvania, the Martinsburg group as a whole is no more metamorphosed 
than the rest of the Paleozoic formations (PI. 6, fig. 1). In the valley of 
the Susquehanna River a gradual change creeps in, especially along the 
southern margin of outcrop where shales have been squeezed against 
competent limestones. Cleavage may obscure the bedding; locally the 
rock becomes phyllitic (Pl. 4). Graptolites collected south of Harrisburg 
at Steelton are smeared across the bedding surfaces to three or four times 
their normal width. Northward, across the strike, with less alteration 
fossils are better preserved. East along the southern border in Cumber- 
land, Dauphin, and Lebanon counties the alteration of this portion of 
the Martinsburg suggests an analogy with the Cocalico shale of Lan- 
easter County (Fig. 1). Stose and Jonas (1933) describe the Cocalico 
as gray or black argillaceous shale with red, purple, or green shales near 
the base. Thin sandstones may be present, particularly in the higher 
parts. There is a total of 1000 feet, much of it altered in the same 
manner as the southern part of the true Martinsburg to the north. 

In northwestern Berks County, across the Schuylkill into Lehigh 
County, there is a further change in the degree of alteration, noticeable 
in the entire Martinsburg group, but particularly in the shalier portion. 


_Slaty cleavage is commonly developed, producing the workable slates of 


the eastern counties (PI. 4, fig. 2). This metamorphism of the eastern 
Martinsburg shales is in striking contrast to the unaltered younger 
Paleozoic shales in northeastern Pennsylvania. Among none of these is 
there any good, commercial slate, although a little unsatisfactory ma- 
terial was once taken from the Marcellus black shale (Middle Devonian). 
The Martinsburg seems to have suffered either greater compression or 
more intervals of compression than the overlying formations. 

The Taconic Disturbance affected the pre-Bald Eagle formations of 
eastern Pennsylvania. The portion of the Martinsburg now altered to 
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slate was squeezed during both Taconic Disturbance and Appalachian 
Revolution, the younger formations during only the latter. Possibly 
associated with the interval of metamorphism is an abundance of quartz 
veins locally in the Martinsburg. They range from a fraction of an inch 
to 2 feet thick, and occur particularly east of the Susquehanna and along 
the southern border of the Martinsburg. Since they have not been ob- 
served in the Silurian, their date must be early post-Martinsburg. 


IGNEOUS ROCKS ASSOCIATED WITH THE MARTINSBURG 


In the Bunker Hills and near-by ridges south of Jonestown in central 
Lebanon County, certain basic sills or flows and dikes are associated with 
the Martinsburg (Stose and Jonas, 1927; Gordon, 1921). The dikes cut 
the shales and resemble superficially the basic Triassic rocks to the 
south but have distinguishing features such as a greenish tint from 
chloritization while the Triassic rocks have clear, sparkling feldspar. 
Coarse, volcanic breccia and some beds which may be altered volcanic 
ash have been observed near Jonestown. The igneous rocks presumably 
are late Ordovician.’° 


RELATIVE AGES AND CORRELATIONS 


STRATIGRAPHIC RELATIONS 


The relative ages of the Martinsburg group and other clastic deposits 
in Pennsylvania are determinable with a degree of certainty. The 
Martinsburg itself contains diagnostic fossils. The degree of alteration 
of the group in eastern counties as compared to that of younger forma- 
tions aligns it with respect to the Taconic Disturbance. (Cf. Figure 1 of 
Plate 6 with Figure 2 of Plate 4.) Correlations of the group in eastern 
Pennsylvania with the same group in other areas further date it. The 
following sequences give three widely separated successions of the group 
and of the Reedsville with the underlying beds: 


Central Pennsylvania South-central Pennsylvania Eastern Pennsylvania 
Reedsville shale Martinsburg group Martinsburg group 
Trenton group Chambersburg limestone Jacksonburg limestone 
Coburn limestone Greencastle member Beekmantown limestone 
Salona limestone Christiania bed 
Black River group Stones River limestone 
Rodman limestone Beekmantown limestone 


Lowville limestone 
Pamelia limestone 
Carlim limestone 
Beekmantown group 


10 In 1936 W. D. Urry reported on some of the intrusives associated with the Martinsburg. It is not 
certain from his account which type of igneous rock he studied, whether from dikes cutting the 
Martinsburg or from a “flow” presumably at its base. The age given is 375+ 15, 3354 15. This seems 
low for an Ordovician rock. If, however, the samples were from the dikes, it is not impossible that 
they are post-Ordovician possibly Devonian. 
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Ficure 1. TRANSITION BETWEEN MARTINSBURG SHALE AND CHAMBERSBURG LIMESTONE 
Lemoyne. See Figure 3 of Plate 9. Photograph by R. L. Miller 


Ficure 2. MARTINSBURG-SHAWANGUNK CONTACT 
Otisville, New York. Note absence of Bald Eagle. 
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Ficure 1. TRANSITIONAL SEQUENCE 
Martinsburg (Om), Bald Eagle (Obe), Juniata (Oj), highway east of McConnelsburg. 


Ficure 2. Tuscarora WuiTE SANpSTONE (right) 1n Conract wiTH JUNIATA RED SANDSTONE. 
Sterretts Gap. 


Ficure 3. MArtTINSBURG-BALD EaGLe Contract 
Lehigh Gap east. Arrow marks contact. Photograph by G. H. Ashley. 
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In central Pennsylvania the basal Reedsville overlying the Coburn 
limestone was deposited at or near the close of Trenton time. From 
south-central Pennsylvania to the Susquehanna River, the Martinsburg 
is transitional with the Chambersburg limestone (PI. 3, fig. 2; Pl. 9, fig. 3; 
Pl. 10, fig. 1). The upper part of the Chambersburg (sometimes called 
the Greencastle) may be very late Black River or early Trenton. Im- 
mediately east of the Susquehanna River the Martinsburg is in fault 
contact with the Beekmantown in Paxtang Park, Harrisburg. Here and 
immediately eastward the Harrisburg axis (Willard, 1941) caused abnor- 
malities. The Leesport limestone at the base of the Martinsburg in the 
Schuylkill Valley is of little chronologic value as it is barren. The 
Jacksonburg limestone of sections farther east is important chronolog- 
ically. R. L. Miller (1937b) mapped this limestone from New Jersey 
across Northampton County into Lehigh County. It may extend farther. 
From fairly fossiliferous eastern exposures, Miller calls the Jacksonburg 
a probable correlative of the Sherman Fall of New York middle Trenton. 

In summation, the basal, eastern Martinsburg overlies beds older than 
does the base of the Reedsville in central Pennsylvania, but in turn rests 
upon younger beds than the underlying Chambersburg of south-central 
sections. In the south, the Martinsburg and Chambersburg are tran- 
sitional, and the basal Reedsville is also transitional downwards. Weller 
(1903) reports conformity in New Jersey and believes that the Martins- 
burg is not sharply separated from the underlying limestone. However, 
R. L. Miller (p. 1701-1702, 1708-1709) observes that the Jacksonburg is 
disconformably overlain by the Martinsburg near Hackettstown, New 
Jersey, although the hiatus is chronologically small. Miller records two 
exposures of Martinsburg-Jacksonburg contact in Northampton County. 
One is evidently faulted. At the other a local, angular divergence passes 
into a disconformity. From this and certain near-contacts, it appears 
that a hiatus probably exists between the shale and limestone with a 
change from limestone to clastic sedimentation. The time represented 
is problematic. 

Beds next above the Martinsburg in Pennsylvania are not necessarily 
fully synchronous throughout nor assigned everywhere to the same unit. 
In northern New Jersey and at Otisville, New York (PI. 10, fig. 2), the 
Martinsburg is unconformably overlain by the Shawangunk formation. 
The contact is hidden at Delaware Water Gap. Continuing west to 
Lehigh Gap (PI. 11, fig. 3), the lower Shawangunk or Tuscarora in a cut 
on the Lehigh and New England Railroad rests upon what Willard and 
Cleaves (1939) identified as a remnant of the Bald Eagle. 

Bald Eagle is exposed at a few localities westward to the Susquehanna. 
At every contact exposure there is a hiatus between the Bald Eagle and 
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the Martinsburg. There is a discordance of a few degrees at Lehigh Gap. 
On the Schuylkill the Bald Eagle has not been identified. The Martins- 
burg-Tuscarora contact may be tectonic. At Susquehanna Gap there is a 
marked lithologic change from Martinsburg shale to Bald Eagle con- 
glomerate without measurable discordance. Still farther west, the Bald 
Eagle and Martinsburg are transitional in highway tunnels and surface 
cuts west of and beyond Mercersburg (PI. 11, figs. 1,2). In these sections 
the Fairview sandstone forms the uppermost Martinsburg beds directly 
beneath the Bald Eagle. In central Pennsylvania the Bald Eagle and 
the Reedsville are probably always conformable. Because the Bald 
Eagle thins eastward, it is difficult or impossible to decide whether the 
eastern remnant represents the entire thickness in central Pennsylvania 
or its initial, final, or some intermittent stage. The author is rather 
arbitrarily inclined to view that it reached its maximum distribution 
early. Subsequent recession accounts for the more restricted geographic 
distribution of the thickest Bald Eagle and the superjacent Juniata red 
beds in central and south-central Pennsylvania. Whatever conclusions 
may be adopted, the actual time discrepancy is relatively small. 

The precise age of the Bald Eagle is still open to final proof. Willard 
and Cleaves (1939 p. 1174) point out that a Bald Eagle-Oswego cor- 
relation is unproven. For this reason the term Bald Eagle rather than 


_ Oswego should be retained in Pennsylvania. The Bald Eagle cannot be 


older than the Oswego because of the age and correlation of the youngest 
Martinsburg (Pulaski) found underneath it in Pennsylvania. It is prob- 
ably latest Maysville or earliest Richmond. Table 4 gives the ages of 
the Ordovician clastics. 


PALEONTOLOGIC EVIDENCE OF AGE 


Paleontologic data from Martinsburg and Reedsville faunas add knowl- 
edge of their relative ages. Bassler (1919) finds, at the base of the 
Martinsburg in Maryland and south-central Pennsylvania, a Sinuites bed 
succeeded by what he calls “the Corynoides fauna of Trenton age”. He 
lists a large Eden fauna from the lower or shaly Martinsburg (p. 169) 
at Jordan Knob, Tuscarora Mountain, and Cowans Gap, Pennsylvania. 

In the sandy, upper 300 feet of the Martinsburg, below the “Oswego”, 
Bassler records a zone of Orthorhynchula linneyi and assigns it to the 
lower Maysville or Fairview. Above it are barren beds which may be of 
upper Maysville age or the correlative of the McMillan of Ohio. From 
the Orthorhynchula bed of southern Pennsylvania, Bassler (p. 170) lists 
the following faunule: 


Lingula nicklesi n. sp. R.squamula (James) | 
Plectorthis plicatella (Hall) Orthorhynchula linneyi (James) 
Rafinesquina alternata (Emmons) Zygospira modesta Hall 
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Z. ? erratica. (Hall) Modiolopsis modiolaris (Conrad) 
Ischyrodonta unionoides (Meek) Modiolodon truncatus (Hall) 
Pterinea (Caritodens) demissa (Conrad) Orthodesma nasutum (Conrad) 
Byssonychia radiata (Hall) Liospira micula (Hall) 

B. praecursa Ulrich Orthoceras lamellosum Hall 
Allonychia ovata Ulrich Isotelus megistos Locke 


Butts and Moore (1936) were unable to find the Orthorhynchula zone 
in the Bellefonte quadrangle, central Pennsylvania, but they reported it 
in adjacent areas, a statement Butts confirmed in the Tyrone quadrangle 
(1939). This fossil is present in the upper part of the Reedsville beneath 
the Bald Eagle (“Oswego”) sandstone. Butts (1939) believes most of 
the Reedsville fossils “occur also in the Lorraine of New York and the 
Eden and Maysville of Ohio”. Graptolites from the basal shale are as- 
signed “to some part of the Utica of New York”. 

The present author has found no additional paleontologic data on the 
age of the Reedsville but has collected Martinsburg fossils from many new 
localities. Stose and others report Martinsburg fossils from several 
stations. In cuts on State Highway 274, Fannett Township, northern 
Franklin County, east of Concord and southwest from Hemlocks Forest 
State Park, fossiliferous, arenaceous shales and thin sandstones relatively 
high in the Martinsburg are exposed. Because they are separated from 
the Bald Eagle by a concealed interval, they appear not to be highest 
Martinsburg. The faunule is: 

“Crinoidea,” columnals Rafinesquina alternata (Emmons) 
Bryozoa, undet. Calymene granulosa ? (Foerste) 
Dalmanella sp. ? 

Of several other faunules obtained in Franklin County, none is known 
to come from the topmost Martinsburg. All show closer Eden than 
Maysville affinities. 

West of Fort Louden on Township Run, Tuscarora Mountain, east slope, Route 30, 


near 1540-foot contour, hard, olive shale, probably silicified. Identified by E. A. 
Brown under author’s direction : 


“Crinoidea,” columnals Rafinesquina squamula (James) 
Bryozoa, undet. Rhynchotrema sp. 

Dalmanella sp. Calymene granulosa (Foerste) 
Sowerbyella rugosa (Meek) 


Entrance to gap west of Roxbury, north side of road, in dark, clay shale. Identified 
by E. A. Brown under author’s direction: 


“Crinoidea,” columnals Liospira sp. 

Bryozoa, undet. Orthoceras sp. 

Dalmanella hamburgensis (Walcott) Cryptolithus bellulus (Ulrich) 
D. multisecta (Meek) C.recurvus Ulrich 
Sowerbyella rugosa (Meek) Calymene granulosa (Foerste) 
Rafinesquina squamula (James) 

R.alternata (Emmons) Trilobite, undet. 


Ischyrodonta unionoides (?) (Meek) Phyllocarid, undet. 
Pelecypoda, undet. 
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Gap west of Upper Strasburg, fossiliferous, dark, hacky shale in upper shaly Martins- 
burg. Identified by E. A. Brown under author's direction: 


“Crinoidea,” columnals Byssonychia praecursa Ulrich 
Bryozoa, undet. Gastropoda, undet. 
Dalmanella multisecta (Meek) Orthoceras sp. 

Dinorthis sp. Cryptolithus bellulus (Ulrich) 
Sowerbyella rugosa (Meek) Calymene sp. 

Rafinesquina alternata (?) (Emmons) __Phyllocarid, undet. 

Zygosmra modesta Hall 


The succession east of Concord, Fannett Township, on Highway 274 is 
significant. Thicknesses are omitted because of concealed intervals. 
Starting down grade from the crest of Conococheague Mountain the sec- 
tion is: 

Tuscarora white sandstone 

Tuscarora-Juniata transitional beds, 5 to 8 feet 

Juniata red sandstone 

Concealed interval 

Bald Eagle coarse, olive-gray sandstone and pebble beds 

Concealed interval } 

Martinsburg sandstone, heavy, fossiliferous, with interbedded dark shale 

In northern Cumberland County, where State Highway 233 crosses 
Kittatinny Mountain at Doubling Gap, the stratigraphic succession from 
the crest south is much the same as at the last place described: 
Feet 


Tuscarora white sandstone 
Tuscarora-Juniata transitional beds, alternating white and red sandstones 75 


Bald Eagle olive sandstone (in trace 


Concealed interval, thickness indeterminate 
Martinsburg fossiliferous sandstone and interbedded dark shale 
Two faunules were collected here from sandy strata interbedded with 
shale in the Martinsburg. They may be fairly high in the group but are 
not from the topmost beds. The lower of these includes: 


“Crinoidea” columnals Zygospira modesta Hall 

Climacograptus sp Byssonychia vera Ulrich 

sigillaroide s(Nicholson) Lophospira lirata Ulrich 
Sinuttes granistriatus (Ulrich)™ 


Plectorthis plicatella (Hall) Cyrtolites ornatus Conrad 
Dalmanella multisecta (Meek) Orthoceras transversum ? Miller 
Strophomena sinuata James . sp. 

Sowerbyella rugosa (Meek) Cryptolithus bellulus (Ulrich) 

S. sericea (Sowerby) C. recurvus Ulrich 

Rafinesquina alternata (Emmons) Calymene granulosa (Foerste) 


R.squamula (James) 


The second faunule, slightly higher, has been identified by E. A. Brown, 
checked by the author: 


“Crinoidea,” columnals Plectorthis plicatella (Hall) 
Arthropora sp. Dalmanella hamburgensis (Walcott) 
Bryozoa, undet. D. testudinaria (Dalman) var. 
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Dinorthis (Plaesiomys) subquadrata ? Sinuites cancellatus (Hall)" 
(Hall) S. granistriatus (Ulrich)™ 

Sowerbyella rugosa (Meek) Cyclora parvula (Hall) 

Rafinesquina alternata (Emmons) Gastropoda, undet. 

Zygosmra modesta Hall Orthoceras lamellosum ? Hall 

Cleidophorus planulatus (Conrad) Cryptolithus bellulus (Ulrich) 

Hormotoma gracilis (Hall) C.sp. 

Lophospira lirata ? Ulrich Calymene granulosa (Foerste) 

L.sp. C. senaria Conrad 

Cyrtolites ornatus Conrad 


Sterretts Gap, a wind gap in Kittatinny Mountain, opens from Perry 
County south into northeastern Cumberland County. Below the foot of 
the Mountain fossiliferous shaly Martinsburg with a few sandy lenses is 
exposed in cuts. Because these beds are separated by a long concealed 
interval from the next highest exposed strata, the Juniata red sandstones, 
their precise position in the sequence is not known. It is probably some- 
what lower than the faunules from the mountain sides in Franklin and 
Cumberland counties. Fossils were collected and identified by A. B. 
Cleaves (Willard and Cleaves, 1938, p. 6): 


“Crinoidea,” columnals Ctenodonta fillistriata Ulrich 
Pholidops cincinnatiensis Hall Cleidophorus planulatus (Conrad) 
Plectorthis plicatella (Hall) Modiolopsis ? 

Dalmanella multisecta (Meek) Cryptolithus bellulus (Ulrich) 
Sowerbyella sericea (Sowerby) Calymene sp. ind. 

Leptaena gibbosa (James) Triarthrus eatoni (Hall) 
Zygospira modesta Hall T.sp.ind. 

Bilobites ? 


At the water gap of the Susquehanna River, road cuts along the west 
side at Kittatinny Mountain completely expose a sequence as follows: 


Feet 
Tuscarora white sandstone and conglomerate......................05: 275 
Juniata red conglomerate and sandstone.....................000e00005 80 
Bald Eagle gray conglomerate and sandstone......................005 30 


Disconformity 
Martinsburg shale, fossiliferous 
The Martinsburg and Bald Eagle are separated by a disconformity. In 
this section the Fairview sandstone is absent near the gap. It or a cor- 
relative sandstone is present 2 miles south. Folding and erosion followed 
Martinsburg deposition. Subsequent beds therefore rest at one place on 
the sandstone and at another on the shale. In this particular case, the 
disconformable contact may well be fortuitous. The top of the Martins- 
burg at the gap yielded the following faunule: 


“Crinoidea,” columnals Zygospira modesta Hall 
Bryozoa, undet. Triarthrus becki Green 
Rafinesquina squamula (James) Cryptolithus recurvus Ulrich 
Sowerbyella sericea (Sowerby) C. bellulus (Ulrich) 


Dalmanella multisecta (Meek) 


11 This does not appear to belong to the Sinuites bed reported by Bassler from the lower part of 
the Martinsburg. 
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East of the Susquehanna River, fossils have been found in the upper 
Martinsburg. Graptolites occur in the black or dark-gray, lower shales. 
In the Military Reservation at Indiantown Gap, Dr. P. E. Raymond and 
the writer discovered a small faunule in thin sandstones among shales 
exposed along the main east-west street. The beds probably are 
equivalent to the lower part of the Shochary sandstone, although precise 
correlation is impossible. This faunule includes: 


“Crinoidea,” columnals Zygospira modesta Hall 
Rafinesquina squamula (James) Ctenodonta sp. 
Strophomena sp. Orthoceras sp. 
Dalmanella multisecta (Meek) Ostracoda, undet. 


Five miles farther northeast at Swatara Gap, an abundant faunule 
occurs in dark shales immediately under the Bald Eagle. The stratig- 
raphy suggests that at the Susquehanna; the author has no addition to 
make to Stose’s 1930 list. Stose quotes Ulrich’s opinion that the faunule 
is probably lower Eden: 


Diplograptus sp. Archinacella patelliformis (Hall) 
Spatiopora lineata Ulrich Sinuites cancellatus (Hall) 
Ectenocrinus simplex (Hall) Liospira micula (Hall) (Eden var.) 
Heterocrinus sp. Lophospira ohioensis (James) 
Pholidops cincinnatiensis Hall Orthoceras aff. transversum Miller 
Dalmanella emacerata (Hall) Cornulites aff. flexuosus (Hall) 
D. multisecta (Meek) Jonesella crepidiformis (Ulrich) 
Sowerbyella aff. sericea (Sowerby) Ceratopsis chambersi (Miller) 
S. aff. plicatella (Ulrich) Primitia cf. bivertex (Ulrich) 
Rafinesquina ulrichi (James) Primitiella unicornis (Ulrich) 
Leptaena gibbosa (James) Elpe radiata (Ulrich) 
Ctenodonta filistriata Ulrich Cryptolithus bellulus (Ulrich) 
Cleidophorus planulatus (Conrad) C. tesselatus Green (Eden var.) 
Rhytimya producta Ulrich Calymene granulosa (Foerste) 
Colpomya faba (Emmons) Triarthrus becki Green (Eden var.) 
—— cf. neglecta (Meek) (Eden Tornquistia sp. 

orm 


If this faunule is lower Eden, it emphasizes the break between the shale 
and the Bald Eagle. According to Willard and Cleaves (1939) there is a 
very slight angular discordance here. Yet, at Little Mountain only 2 
miles southeast of Swatara Gap, a small outlier of the Tuscarora and 
Bald Eagle conglomerate overlies nearly vertically upturned beds of 
Shochary sandstone. 

No other important discovery of upper Martinsburg fossils has been 
made between the Swatara and northeastern Berks County. In north- 
western Lehigh County and northeastern Berks, on Shochary Ridge, fos- 
sils are quite abundant. Stose lists (1930, p. 648-649) a faunule identified 
by Ulrich as Pulaski: 


Rafinesquina small, aff. camerata (Conrad) Sowerbyella aff. sericea (Sowerby) 
R. cf. alternistriata Hall and Clarke Dalmanella aff. multisecta (Meek) 
R. aff. ulrichi (James) D.sp. 

Strophomena n. sp. (coarsely striated like S. sinuata) Zygospira modesta Hall 
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Ctenodonta cf. levata (Hall) Lophospira aff. obliqua Ulrich 

Other small pelecypods Lepidocoleus jamest (Hall and Whitfield) 
Sinuites aff. cancellatus (Hall) Calymene sp. 

Tetranota sp. Proeteus aff. parviusculus Hall 

Liospira aff. progne (Billings) Ctenobolbina cf. ciliata (Emmons) 


Stose remarks that he and Behre jointly collected the material, and 
Behre (1933, p. 142) lists an essentially similar faunule from the same 
locality. For comparison with Stose’s list, Behre’s is quoted: 


Zygospira modesta Hall Sinuites aff. cancellatus (Hall) 
Dalmanella cf. multisecta (Meek) Lophospira aff. obliqua Ulrich 
Sowerbyella sericea (Sowerby) Tetranota rugosa (Emmons ?) 
Hebertella sinuata Hall and Clarke Liospira aff. progne (Billings) 
Plectorthis cf. plicatella (Hall) Lepidocoleus jamesi (Hall and Whitfield) 
Rafinesquina aff. camerata (Conrad) Aparchites (?) > 

R. cf. alternistriata Hall and Clarke Ctenobolbina ciliata (Emmons) 

R. centrilineata (?) (Hall) Calymene sp. 

Strophomena spec. nov. Proetus sp. 


Ctenodonta aff. levata (Hall) 


The author spent parts of the 1939 and 1940 field seasons searching 
for additional fossils in Lehigh County. The Pulaski fauna of Shochary 
Ridge was traced eastward to the valley of Jordan Creek south of Pleas- 
ant Corners (Allentown West Quadrangle) and the vicinity of Scherers 
School. Here the easternmost representative of the Pulaski was found, 
but the sandstone continues farther east. Outcrops along Jordan Creek 
furnished the following composite list: 


“Crinoidea,” columnals Leptaena unicosta ? (Meek and Worthen) 
Bryozoa, undet. Rhynchotrema sp. 

Hebertella sinuata Hall and Clarke Cleidophorus planulatus (Conrad) 
Plectorthis plicatella (Hall) C. sp. 

Dalmanella multisecta (Meek) Scenella ? 

Sowerbyella rugosa (Meek) Orthoceras lamellosum Hall 

S. sericea (Sowerby) -sp. 

Rafinesquina alternata (Emmons) Ostracod, undet. 


Strophomena sinuata James 

For comparison with the foregoing lists from the Shochary sandstone, 
the following faunule is inserted. It is a composite of several small col- 
lections made in the eastern part of the ridge: 


“Crinoidea,” columnals Ctenodonta levata (Hall) 
Hebertella sinuaia Hall and Clarke Technophorus sp. 

Plectorthis plicatella (Hall) Orthodesma nasutum (Conrad) 
Dalmanella multisecta (Meek) Pelecypod, undet. 
Strophomena planoconveza Hall Liospira micula (Hall) 
Sowerbyella rugosa (Meek) Orthoceras lamellosum Hall 
Rafinesquina squamula (?) (James) Spiroceras sp. 


Fossils have been found in the lower portions of the sandstone down to 
or into the higher shale beds. Detailed collecting along State Highway 
100 from Fogelsville and Jordan Creek northward and thence along 
Route 29 to the crest of Kittatinny Mountain, traversing northwestern 
Lehigh County, yielded scattered material. Most of it was collected in 
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Low Hill and Heidelberg townships, south of Shochary Ridge. The fol- 
lowing list is a composite from these places: 


“Crinoidea,” columnals Zygospira modesta Hall 
Dalmanella multisecta (Meek) Lophospira lirata Ulrich 
Strophomena sinuata James Tetranota ? 

Gastropod, undet. 
Sowerbyella sericea (Sowerby) Orthoceras transversum Miller 
Rafinesquina alternata (Emmons) Calymene granulosa (Foerste) 


R. squamula (James) 


The Shochary sandstone continues into Northampton County. Im- 
mediately east of the Lehigh River the author found a few fragmentary 
fossils along the road from Slate Valley south toward Treichlers. Their 
age is dubious. Behre (1933) reports a few fossils from near Point 
Phillips in what he describes as the lower part of the sandy beds. Ulrich 
calls them older than Pulaski, perhaps even Trenton. The list was not 
published. Behre reports no additional Martinsburg fossils from the 
slate region farther east, nor has Ward or the writer found any in North- 
ampton County, although Ward mentions that fossils have been reported 
by hearsay in some of the slate quarries. This lack of fossils is not 
surprising considering the high degree of alteration of the shales and that 
the sandstones are only partially preserved due to severe erosion of their 
upper, more fossiliferous portion. 

In New Jersey, Martinsburg fossils are scarce. Weller (1903) records a 
small faunule from a flagstone quarry at Sussex: 


Cornulites sp. undet. Plectorthis plicatella (Hall) 
Plectambonites sericeus (Sowerby) Dalmanella testudinaria (Dalman) 


Plectorthis plicatella is recorded from the Maysville and Fairview at 
Cincinnati, Ohio. Weller reports graptolites at other localities. 

The graptolites occurring mostly in the older, shaly Martinsburg raise 
puzzling questions. Generally these beds are lower in either the three- 
or twofold interpretation. Bassler (1919) reports a few graptolites from 
south-central Pennsylvania or adjacent Maryland areas and puts them in 
the Trenton or Eden. Stose (1910) in the Chambersburg area, reports 
graptolites from the base of the Martinsburg. He lists (1930) from the 
Susquehanna Valley north to Harrisburg two graptolite faunules. The 
fossils had been referred to both Dr. E. O. Ulrich and Dr. Rudolf Ruede- 
mann. They were said to be found 1100 feet below the Juniata. The 
author was unable surely to reidentify the two horizons in the field. Re- 
cent road construction has probably covered both sites. One faunule 
was determined as characteristic of the Normanskill of the Levis basin: 


Didymogreptus sagitticaulis Gurley C. modestus Ruedemann 
Dicellograptus sextans (Hall) C. parvus Hall 
Dicranograptus ramosus (Hall) var. Diplograptus angustifolius (Hall) 


Climacograptus cf. caudatus Lapworth Leptobolus walcotti Ruedemann 
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This identification is sufficiently astonishing considering that the base of 


the Martinsburg in this section rests u 
which is probably early Trenton. How 


pon the Chambersburg limestone 
much more anomalous is the de- 


termination by Ulrich of a second faunule from nearly contiguous beds ag 


Deepkill: 


Goniograptus aff. thureaui (McCoy) 
(n. sp. ?) 

G. perflezilis Ruedemann 

Didymograptus extensus (Hall) 

D. bifidus (Hall) (large form) 

D. ef. similis (Hall) and nitidus (Hall) 

D. ef. indentus (Hall) 


Tetragraptus quadribrachiatus (Hall) 
T. aff. pendens Elles (probably n. sp.) 
Phyllograptus angusttfolius Hall 

P. cf. ilicifolius Hall 

P. cf. anna Hall 

Dichograptus (?) 

Caryocaris curvilatus Gurley 


Because of this curious situation, the writer borrowed Stose’s collections 
and submitted them for restudy to Ruedemann. In a letter of May 18, 


1938, Dr. Ruedemann wrote as follows: 
463 0. Susquehanna Gap, 5 mi. nw. of Harri 


sburg, Pa. G. W. Stose Coll. Large 


collection (some labels by Ulrich and Ruedemann, see Stose, 1930, p. 641). 


Clonograptus flexilis (Hall) 
Didymograptus extensus (Hall) 


D. patulus (Hall) 
C. ef. indentus (Hall) 
D. bifidus (Hall) 


Dicranograptus octobrachiatus (Hall) 


Tetragraptus acanthono 


tus Gurley 


T. quadribrachiatus (Hall) 
Phyllograptus angustifolius Hall 


P. ilicifolius Hall 


Caryocaris stoset sp. nov. 


It is possible that two horizons of the Deepkill 
for Clonograptus flezilis occurs in a horizon 
Didymograptus bifidus much higher up. 


475 W. 445 ft. south of (below) no. 5,” south 
and A. I. Jonas Coll. 1932. 


shale are represented in this collection, 
below the New York Deepkill, and 


of Harrisburg Gap, Pa. G. W. Stose 


Didymograptus patulus (Hall) 
Tetragraptus cf. fruiticonus (Hall), fragment 


Caryocaris sp. fragment. 


Lower Deep Kill 


475 W:. 413 ft. south of (above) no. 5, south of Harrisburg Gap, Pa. G. W. Stose 


and A. I. Jonas Coll. 
Didymograptus cf. patulu 


s (Hall), fragment 


Tetragraptus (Etagraptus) putillus sp. nov. 


Phyllograptus anna Hall 


Crinoid arms, uniserial, narrow 


Leptobolus sp. small 


Caryocaris curvilatus Gurley. 


Deep Kill 


475 Ws. 53 ft. north of no. 5 (presumably lower 40-50’), south of Harrisburg Gap, Pa. 


G. W. Stose & A. I. Jonas Coll. 


Worm tubes, no distinct graptolites. 


1932. 


22 This locality is north of the junction of the new and old highways south of Susquehanna Gap, 


west side, half a mile south of the Perry-Cumberland 


County line, Harrisburg quadrangle. 
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Prior to Ruedemann’s restudy of these fossils, he had examined other 
collections which the author made from the Martinsburg group. They 
range from the base of the Martinsburg in limy beds transitional with 
the Chambersburg upward. Most are from west of the Susquehanna; 
some were obtained east of the River. The lists as determined by 
Ruedemann are as follows: 

Dauphin Co., south edge of Steelton. Basal Martinsburg. 


Diplograptus sp. (distorted) 
D. (Glyptograptus) euglyphus (Lapworth) 
Dicellograptus sp. (branch) 
This is probably Normanskill 
Dauphin Co., about 2 miles SE. of Manada Gap, Upper Martinsburg shale below 


flint. 
Dicranograptus ramosus (Hall) 
Dicellograptus sextans (Hall) 
D. gurleyi Lapworth 
Diplograptus acutus Elles and Wood 
Clmacograptus scharenbergi Lapworth 
C. parvus Hall 
This is undoubtedly Normanskill 


Dauphin Co., 1.5 mi. SE. of Oberlin. Basal Martinsburg. 

Dicellograptus sextans Hall 

Normanskill shale 
Franklin Co., E. of Orrstown. Platy ls., transitional between Martinsburg shale and 
Chambersburg limetone. Poorly preserved. 


Diplograptus sp. 
Climacograptus scharenbergi Lapworth or parvus Hall 


Probably Normanskill 

Franklin Co., S. of Route 16 on Conococheague Creek. Martinsburg-Chambersburg 
transition beds. 

Climacograptus eximius Ruedemann 

Corynoides gracilis Hopkinson 

Normanskill-Trenton transition or uppermost Normanskill 
Franklin Co., E. of Orrstown. 
Platy transitional limestone between Martinsburg and Chambersburg. 


Climacograptus cf. eximius Ruedemann 
Lasiograptus (Thysanograptus) eucharis (Hall) 
Looks like transition zone from Normanskill to Canajoharie 
Cumberland Co. % mi. SE. of Carlisle Reservoir. 
Transition beds between Om. shale and Och. limestone. 
Climacograptus strictus Ruedemann 
A Canajoharie form 
Dauphin Co., quarry at Walnut Run and Manada Creek. 
Upper Martinsburg (Dauphin) shale. 
Leptograptus ? fragments. Age not determined 
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During the summer of 1937 Mr. W. M. Laird studied the Martinsburg 
sequence bed-by-bed along the west bank of the Susquehanna River, 
supplemented by investigations a mile or two west along the tributary 
streams. Laird secured additional graptolites which Ruedemann reports 
on: 


Cumberland County, west bank Susquehanna River. 


Dicellograptus sextans (Hall) 

Diplograptus cf. angustifolius (Hall) 
Chmacograptus parvus Hall 
Glossograptus ciliatus Emmons 
Retiograptus geinitzianus (Hall) 
Undoubted Normanskill 


Cumberland County, on road down to creek 142 miles NW. of Shiremanstown. 


Graptolites poorly preserved, weathered 
Diplograptus sp. Age uncertain. 


Cumberland County, in shale bank north of road bridge across R.R. south of Susque- 
hanna Gap. 

Didymograptus sagitticaulis Gurley 

Diplograptus cf. angustifolius (Hall) 

Normanskill 


Cumberland County. In new road cut north of road bridge across R.R. south of 
Susquehanna Gap. 
In talus at base of cut in the brown shale. 


Climacograptus parvus Hall 
Diplograptus euglyphus (Lapworth) 
Grapiolites poorly preserved. Normanskill 


North of Goodville, 1 mile N. of Highspire (collected by Willard). 


Graptolites much distorted by folding. 
Probably upper Normanskill. 


Lebanon Co. South side of large road-metal quarry on Military Reservation, Indian- 
town (collected by Raymond and Willard). 
Poorly preserved. 


Leptobolus sp. 
Diplograptus sp. 
Age not known, possibly Normanskill. 


Dr. Ruedemann wrote November 23, 1937, of these faunules: 
“Practically all are Normanskill forms, a rather unexpected result for 
Martinsburg shale...... It looks as if the whole collection was done in a 
Normanskill shale belt.” Of the more widely collected faunules, he 
wrote, May 26, 1937, 


“It appears from these lists that some of the supposed Martinsburg shale is undoubt- 
edly Normanskill shale and older than the Martinsburg is usually supposed to be. 
Some of the shale seems to represent a transition zone from the Normanskill to the 
Canajoharie or Snake Hill zone (Trenton) that I have not seen here and that would 
be of great interest to study more closely. There seems to be a mixture there of the 
last Normanskill and the first Canajoharie forms.” 
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The author’s indebtedness and gratitude to Dr. Ruedemann for his pains- 
taking analyses of these faunules is expressed here. 

Comparison with New Jersey is interesting since we have no graptolite 
faunules from the lower Martinsburg of eastern Pennsylvania. Weller 
(1903) reports as Normanskill a faunule from basal Martinsburg near 
Branchville: 

Diplograptus foliaceus (Murchison) 

D. angustifolius (Hall) 

Lasiograptus mucronatus (Hall) 

Corynoides calicularis Nicholson 

Dalmanella testudinaria (Dalman) 
From Jutland, near the base of a Martinsburg outlier, he lists additional 
Normanskill forms: 


Climacograptus phyllophorus Gurley 
Dicranograptus ramosus (Hall) 
Coenograptus gracilis Hall 
Reteograptus geinitzianus (Hall) 

Much of the lower Martinsburg from the Susquehanna Valley into 
New Jersey appears from its graptolites to be of Normanskill age except 
for the Deepkill forms, yet the underlying limestones, where in unbroken 
sequence, are generally younger. When we include the Deepkill fauna, 
the situation grows more paradoxical. What explanation seems reason- 
able? It might be supposed that the Deepkill shale was faulted up 
among the younger beds, but no structural evidence was seen. Even if 
movement took place, from whence could such beds be faulted? No 
Deepkill shale, nor for that matter an appreciable amount of any shale 
older than the Trenton crops out in the Ordovician of the Susquehanna 
Valley. That the Beekmantown passes from massive, dolomitic limestone 
to black shale in 2 or 3 miles is dubious. Peculiar circumstances about 
which we are ignorant seem to have permitted a few Deepkill graptolites 
to survive into post-Trenton time. 

The occurrence of the Normanskill graptolites can be more readily 
rationalized. Although they may be chiefly indicative of the pre-Trenton 
Normanskill shale of New York, some suggest, according to Ruedemann, 
a transitional stage into the Trenton. The base of the Martinsburg 
group is older than that of the Reedsville shale of central Pennsylvania. 
If there were northwestward offlap during deposition of the late Ordo- 
vician clastic sediments, such an age relation would be rational. Con- 
ceivably, some parts of yet older, but now eroded, sediments which must 
have extended toward the southeast, were of Normanskill or even greater 
age. 

For convenience in comparison, Table 5 lists the fossils mentioned in 
this report as found in the Ordovician clastic sediments in Pennsylvania. 


N 


Taste 5.—Faunal distribution 


BRADFORD WILLARD—ORDOVICIAN OF PENNSYLVANIA 


3 
a | 2 

2 a a 
4 > a 

Clonograptus flexilis x 
Dichograptus octobrachiatus x 
Didymograptus sagitticaulis x 
D. extensus x 
D. bifidus x 
D. patulus 
D. similis x 
D. indentus x 


Phyllograptus angustifolius 


P. ilicifolius 


P. anna 


Tetragraptus acanthonotus 


T. fruticosus 


T. putillus 


T. quadribrachiatus 


T. pendens 


Goniograptus thureaut 


G. perflexilis 


Climacograptus scharenbergi 


C. eximius 


C. strictus 


C. caudatus 


C. modestus 


C. parvus 
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Taste 5.—Faunal distribution—Continued 


q 
Retiograptus geinitzianus x 
Dicranograptus ramosus x 
Dicellograptus gurleyt x 
D. sextans x 
Diplograptus (Glyptograptus) euglyphus x 
D. acutus x 
D. angustifolius x 
Glossograptus celiatus x 
Corynoides gracilis x 
Lasiograptus (Thynograptus) eucharis x 
Spotiopora lineata x 
Haliopora oneilli sigillaroides x 
Lingula nicklesi x 
Leptobolus walcotti x 
Pholidops cincinnatiensis 
Rafinesquina alternata x x 
R. squamula x x x 
R. ulricht x x 
R. camerata x 
R. alternistriata x 
R. centrilineata 
Strophomena sinuata x x 
8. planoconvexa x 
8. halli x 
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Taste 5—Faunal distribution—Continued 


a 
a | 2 
Plelg/al 
a | a 
Leptaena unicosta x 
L. gibbosa x 
Sowerbyella rugosa x x 
S. sericea x x 
S. plicatella x ag 
Plectorthis plicatella x x x 
Dinorthis pectinella 
D. (Plaesiomys) subquadrata x 
Hebertella sinuata x 
Dalmanella rogata x 


D. testudinaria x 
D. hamburgensis x 
D. multisecta x x 


D. emacerata x 
Orthorhynchula lineyi x x 
Rhynchotrema increbescens x 
Zygospira modesta x x x 


Z. erratica x 


Cuneamya neglecta x 
Lepidocoleus jamesi x 
Orthodesma nasutum x x 
Ctenodonta fillistriata x 
C. levata x 
Cleidophorus planulatus x x 
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Taste 5.—Faunal distribution—Continued 


3 
a 
Ischyrodonta unionoides x x 
Pterenia (Caritodens) demissa x 
Byssonychia radiata x 
B. praecursa x x 
B. vera } x x 
Modiolopsis modiolaris x ae 
Modiolodon truncata x ae 
Colpomya faba x 
Rhytimya producta x 
Archinacella patelliformis x 
Cyrtolites ornatus x 
Sinuites granistriatus x ox 
S. canellatus x 
Hormotoma gracilis x 
Tetranota rugosa x 
Lophospira lirata aa x 
L. obliqua x 
L. ohioensis x 
Liospira proque x 
L. micula —_ x x x 
Cyclora parvula x 
Orthoceras lamellosum x x x 
0. transversum x 
Cornulites fleruosus 
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TaBLe 5.—Faunal distribution—Continued 
5 
8 
a A 
Cryptolithus tesselatus x x 
C. bellulus x 
C. recurvus x 
Triarthrus becki x 
T. eatoni x 
Tsotelus megistos x 
Proetus parviusculus x 
Calymene senaria > 4 
C. granulosa x 


Homalonotus (Brongiartia) trentonensis 


Ceraurus pleurexanthemus 


Elpe radiata 


Primitiella unicornis 
Jonesella crepidoformis 
Ceratopsis chambersi 
Ctenobolbina ciliata 


Caryocaris curvilatus 


C. stoset 


Ectenocrinus simplex 


GEOLOGIC STRUCTURES 


SLATINGTON AREA 
The Slatington area is in northeastern Lehigh County. Behre’s reports 


(1927; 1933), are the most detailed structural accounts. He is at his best 
in dealing with the slate, less explicit with other parts of the Martinsburg 
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group. Behre calls attention to the general overturning northward. The 
major structure is described as monoclinal, interrupted by local folds and 
small thrust faults. Behre’s observations are largely in quarries along the 
strike of a single, narrow belt. He indicates that the northern slate over- 
lies the sandstones to the south. Conflicting new field evidence bears 
directly upon this interpretation. If the northern slate overlies the 
sandstone, the threefold interpretation is probably valid. If the slate 
underlies the sandstone, its position supports the twofold explanation. 
Although Behre favors the threefold interpretation, his open-mindedness 
toward Stose’s concept is shown in the following quotation: 

“Judging from his detailed work in southern Pennsylvania and from reconnais- 
sance studies in the region here discussed, Stose has interpreted the Martinsburg as 
comprising only two distinct members—a lower shaly and an upper sandy one— 
and regards the uppermost, banded, slaty member of Behre as the lowest member 
repeated by folding. His viewpoint is well supported by field data, but the differ- 
ence is chiefly one of structural interpretation and hinges upon evidence not as yet 
available, so that a final settlement is not possible at present. The structural inter- 
pretation of Stose is well set forth in a recent publication and that of the writer 
is given in the maps, structural sections, and local descriptions of this report... . 


If the reader accepts the interpretation of Stose, he should read “lower” where in 
this report the “uppermost” member of the Martinsburg is referred to. 


Figure 2 reproduces some of Behre sections along with others by Stose 
and the present author. All sections are generalized. Behre, in discussing 
his sections, comments: 

“The most pronounced folds affecting the Martinsburg in this region are two 

at synclines of the sandy beds of Pulaski age which form respectively Shochary 

idge and the next prominent subparallel ridge of sandstone to the south, which 
extends eastward from the Pinnacle on Blue Mountain toward Wessnersville. Be- 
tween these two ridges lies a depressed area, its length extending eastward and its 
width reaching from Kempton to Trexler. This represents an anticline between the 
sandstone of the two synclinal ridges mentioned and exposing shaly beds probably 
corresponding to those immediately north of Shochary Ridge in which, west of 
Eckville, an Eden fauna was found (as mentioned in the description of the middle 
member of the Martinsburg).” 


All sections in Figure 2 are in general agreement. However, Behre’s 
show the northern shale overlying the sandstone at their contact, the 
others put sandstone above shale. 

Figure 3 shows the region along Trout Creek valley west from Slating- 
ton. The sandstone forms the high ground south of the creek which 
flows over the shale or slate. Many slate quarries pock the area; a few 
significant ones are shown. ‘Their quoted numbering is that used by 
Behre. 

“Quarry 70”, New York Tunnet: An abandoned opening one- 
quarter mile west of Slatington railroad station is situated at the foot of 
the sandstone ridge and is cut southward into that hill toward the sand- 
stone-slate contact. A tunnel from the rear of the quarry into the hill 
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follows the slate beneath the sandstone. At the tunnel adit the bedding 
in the slate dips 17° N. along the north limb of an anticline which trends 
nearly east-west parallel to the hill’s axis. Its south-dipping, south limb 
is exposed just inside the tunnel in the slate at a point almost vertically 


4 H 
colatingto 


lame 
0 | MILE 
Contour interval 100 feet 


Ficure 3.—Sketch map of region from Slatington westward 


beneath the slate-sandstone contact. The slate above the quarry rim 
dips 46° S. under the sandstone. The author cannot picture the slate 
overlying the sandstone in normal stratigraphic sequence at this point. 
If Behre’s interpretation is right as to the stratigraphic succession, only 
a thrust fault, for which no evidence was found, could have brought the 
sandstone to its present position relative to the slate. Two miles up 
Trout Creek valley from Slatington is “Quarry 40”, the Emerald Quarry. 
The bedding here dips south at the south side of the quarry nearest the 
sandstone as at the New York Tunnel; this is the south limb of an anti- 
cline. Such an attitude should carry the slate beneath the sandstone. 
“Quarry 37,” of the Ellis Owens Quarries, west of Emerald, is approxi- 
mately on the strike of “Quarry 40.” The beds here dip 70° S. Trout 
Creek forks at Emerald. The west branch comes in from beyond Slate- 
dale, the south fork descends northward from the sandstone high ground 
(Fig. 3). Road and railroad cuts, creek banks, and quarries present a 
complete series of exposures from the slate in the valley into sandstone 
and most of the way to Best 2 miles south. Arenaceous shale and sand- 
stone of the lower part of the sandstone member have an average strike 
of N. 80° E., dip 31° S. They pass north above the slate. 
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LYNNPORT AREA 

Behre describes the slate of the Lynnport area in northwest Lehigh 
County (Figs. 4,5). He considers the sandstone area north of Mosser- 
ville to be anticlinal, the slate (shale) re-entrant to the south, synclinal, 


Mm 

Ficure 4—Sketch map of Mosserville- 
New Tripoli area T 
Northern Lehigh County. Sandstone stippled, al 
shale and slate blank. Scale 1 inch = 1 mile. N 


He indicates that the slate overlies the sandstone with the slate generally 
dipping south. In the shale or slate band between Mosserville and New 
Tripoli, the following faunule, evidently Eden, was collected by the 


author: 
“Crinoidea,” columnals Strophomena hallie (Miller) 
Diplograptus sp. Sowerbyella sericea (Sowerby) 


Rafinesquina squamula (James) Dalmanella multisecta (Meek) 
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Ficure 5.—Sketch map of northwestern Lehigh County 


Showing relative positions of Shochary Ridge and the “hogback”. Sandstone stippled, shale and 
slate blank. 


This should be contrasted with the list of Pulaski fossils which the 
author collected from the crest of Shochary Ridge along the road south of 
New Tripoli, as follows: 


“Crinoidea,” columnals 

ryozoa, undet 

lectorthis (Hall) 
Strophomena sinuata James 
Sowerbyella sericea (Sowerby) 
Dalmanella multisecta (Meek) 
Hebertella sinuata Hall and Clarke 
Lepidocoleus plate 
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All available structural data which the author has collected (Miller et al, 
1941, Map) indicate quite the reverse of Behre’s findings. That is, the 
sandstone north of Mosserville is the western end of an eastward-pitching 
syncline continuous with the sandstone south of Slatington. The shale 
between Mosserville and New Tripoli is the eastern end of an eastward- 
pitching anticline whose south limb passes beneath the Shochary sand- 
stone of Shochary Ridge. This sandstone is clearly younger than the 
shale or slate and merges northeastward with the eastward extension of 
the sandstone north of Mosserville. 

Still farther west, north of Wanamaker, is a narrow sandstone ridge 
which Behre refers to as the “hogback.” (Cf. Figure 5.) Behre de- 
scribes Shochary Ridge south of the “hogback” as structurally, strati- 
graphically middle Martinsburg. North of it is a slate valley partly along 
Ontelaunee Creek, separating it from the “hogback.” This smaller 
ridge consists of coarse sandstone suggestive of that in Shochary Ridge, 
but it is isolated from other sandstone areas. North of the “hogback,” 
another belt of slate has been exposed at many quarries. 

The simplest interpretation, as Behre admits, is that the same sand- 
stone forms Shochary Ridge and the “hogback”, that it has been brought 
down in synclines, and that an anticlinal slate valley separates the two 
ridges. If so, this valley-forming slate would reappear north of the 
“hogback”. However, Behre believes the quarries north of the “hogback” 
are upper slate and therefore highest of his three-divisional Martinsburg, 
overlying the sandstone. Since the slate passes below the sandstone 
of the “hogback” along its northern side, that sandstone must be younger 
than the slate and cannot be identical with the Shochary. Therefore, he 
draws a fault along the south side of the “hogback” westward to a 
re-entrant in Kittatinny Mountain above Eckville. 

Independently and with Ward and Moseley, the writer examined a 
number of sections across the “trace” of the “fault”. Ward visited 
more such localities. We found no unusual conditions pointing to the 
presence of a large displacement. Furthermore, fossils collected from 
Behre’s “upper slate” a mile northeast and north of the “hogback” and 
westward are of Eden age.** The beds north of the “hogback” should 
be older than those in Shochary Ridge and likewise than those of the 
“hogback” if, as the writer believes, those of the “hogback” are identical 
with those of Shochary Ridge—that is, belong to Shochary sandstone. 
(See Figure 2, lowest section.) The writer found no fossils in the sand- 
stone of the “hogback”, but if this is lower Shochary their absence is 


18 Professor Ward submitted his collections from this area to Doctor Ulrich. In a letter of July 14, 
1936 to Ward, Ulrich discussed fossils from 14 localities and in every case where the material was 
identifiable pronounced its age to be Eden, or late Eden, always pre-Fairview. 
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to be expected. In support of this dissension from Behre’s interpreta- 
tions, Ward believes the south and north slate areas here equal because 
of lithic peculiarities common to both. 


WEST OF LEHIGH COUNTY 


From Berks County, especially in the Schuylkill Valley, across Leb- 
anon and Dauphin counties into the Susquehanna Valley, the structure 


Oms 


D-D’, Susquehanna Valley 


Martinsburg Martinsburg 
sandstones shales 


Bald Eagle 


Approximate scale 


J a 3 mMiLes 


Ficure 6.—Generalized north-south sections from Lehigh County to the 
Susquehanna River 
Thicknesses of Juniata and Bald Eagle exaggerated. 


of the Martinsburg is simpler and more easily observed than in Lehigh 
and Northampton counties. The successions are better and more com- 
pletely exposed. Continuous sections are fairly common. Key beds 
and fossils are present and useful. Willard (1939) indicates that this 
portion of the Martinsburg is a long, narrow synclinorium. Shale, north 
and south, forms the limbs, with the Jonestown red beds and the Shochary 
sandstone or a correlate approximately axial, not as a single median 
band, but as more or less distinct or isolated parallel bands, the axes 
of minor synclines. Figure 6 shows in general the sandstone-shale rela- 
tions from Harrisburg to eastern Berks County. Beyond the Susquehanna 
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Valley, no structural problems were discovered which deserve particular 
attention. The higher sandstones in general are found along narrow 
synclines with shale limbs. For typical conditions in south-central 
Pennsylvania, the reader is referred to Stose (1910). 
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Ficure 7—Diagram illustrating cyclic Paleozoic sequences of facies shifts 
Northwestward across Pennsylvania. 


SEDIMENTARY SEQUENCE 


PALEOZOIC CYCLES 


The Paleozoic systems in Pennsylvania indicate cyclic deposition. 
Typically, each should begin with marine onlap, attain maximum flood- 
ing, perhaps stillstand, followed by marine offlap. The cycles usually 
culminate in continental sediments which pass into marine westward 
or northwestward. Interperiodic, orogenic, or tectonic activity is the 
exception. The cycles best represented in Pennsylvania are Cambro- 
Ordovician, Silurian, and Devonian. Mississippian and Pennsylvanian 
(for convenience including the Permian) are less well developed. Each 
successive cycle transcends its predecessor in that the final continental 
facies spreads farther west or northwest and at a relatively earlier 
time in its individual period than its predecessor. (Cf. Willard, 1940.) 
Ordovician continental beds reach only into the middle Susquehanna- 
Schuylkill valleys. The Silurian continental sequence attains central 
Pennsylvania; the Devonian “red beds” die out in the northwestern 
counties of the State. Mississippian fresh-water strata show the begin- 
ning of a transition to the marine in southwestern counties. The Penn- 
sylvanian and Permian are represented in the State by little else than 
continental deposits. 
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ORDOVICIAN SEQUENCE 

The Cambrian and Ordovician systems in Pennsylvania do not 
resolve into two cycles of deposition but may constitute a single long 
cycle. We are concerned with the upper or Ordovician portion only. 
After the close of Beekmantown time which apparently marked the 
maximum advance of the sea, regression of marine waters is implied 
by succeeding argillaceous limestones followed by the clastic Martins- 
burg and Reedsville. Graptolite-bearing, black shales of pelitic-zone 
genesis in the lower Martinsburg give way to sandy beds and different 
faunas above. Before sands completely blotted out muds, the Jonestown 
continental sediments appeared and continued locally at least into later 
Martinsburg time. The Taconic Disturbance closed Martinsburg depo- 
sition but not necessarily Ordovician sedimentation. After an interval 
of folding and peneplanation, the Bald Eagle followed by the Juniata 
spread over much of central Pennsylvania. It should be distinctly 
understood that while the Jonestown beds appear to be the normal 
continental element of the Ordovician sequence, the Bald Eagle and 
Juniata are nothing of the sort. Not only are they distinct from the 
Martinsburg and Reedsville, but their source of material is construed 
as being essentially north, not south or southeast like other Ordovician 
clastic deposits. 

In recapitulation, the Martinsburg group is the chief expression of 
clastic Ordovician sedimentation in Pennsylvania. It was deposited in 
the Appalachian geosyncline, and its materials came from the adjacent 
landmass, Appalachia, to the south or southeast. The Martinsburg 
represents successively upward, pelitic and neritic zones. The sand- 
stone and shale show a facies shift in the marine sequence. Con- 
trasting the age of the basal Martinsburg with that of its paracorrela- 
tive in central Pennsylvania, the Reedsville shale, the maximum age 
difference between their basal beds may be nearly the whole of Trenton 
time. The inference is that offlap was a northwestward transgression 
of clastic elements over nonclastic limestones. Lithologic changes sup- 
port this in that the Martinsburg and Reedsville show a shale to sand- 
stone shift northwestward. The Martinsburg in its sandier parts is 
more arenaceous than the Reedsville, and its sandstones are coarser- 
grained, less pure, more arkosic, and contain conglomeratic beds. The 
shift occurs vertically from lower to higher Martinsburg beds and hori- 
zontally from Martinsburg to Reedsville. 

Such facies changes may occur over short distances. The Mahantango 
beds (Middle Devonian) in the Susquehanna Valley change from coarse 
sandstone with conglomerate bands to shale in about 18 miles. Com- 
pare these examples with the lithologic differences between the southern 
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and northern slate belts of Lehigh and Northampton counties. These 
belts are today separated by 2 to 5 miles but may have originated 
3 two or three times farther apart if we recognize crustal shortening, 
‘ The southern belt is the more sandy. Such a difference, if attributed 
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Pre-Cambrian Crystallines 


Ficure 8.—Diagram illustrating Cambro-Ordovician sequence and facies 
shifts 


Southeastern Pennsylvania. Juniata and Bald Eagle omitted. Ojt = Jonestown red 
beds, Of = Fairview and Shochary, Omd = Martinsburg (Dauphin) shaly beds, 
Oj = Jacksonburg, Ob = Beekmantown, €c = Conococheague (Allentown), €t 
= Tomstown, €h = Hardyston. Partially restored. 


to marine regression, fits nicely into the interpretation of a twofold 
Martinsburg. 

Faunal changes conformed to environment. The earlier, dark shale 
facies is typified by graptolites. Later, the incoming Eden fauna is 
characterized by small brachiopods, pelecypods, gastropods, orthocera- 
cones, trilobites, pteropods, ostracods, an occasional starfish, bryozoans, 
and “crinoid” columnals. It is a funa of shallow, benthonic distribution 
plus planktonic or vagrant forms. The final Pulaski fauna of the 
Shochary sandstone is generically more restricted than the Eden but 
contains some larger, thicker-shelled forms suggesting still shallower 
water. 

The Jonestown red beds have been called continental. They are 
interbedded with barren, brown, gray, and greenish shales and thin, 
unfossiliferous limestones possessing many peculiarities suggestive of 
abnormal conditions of deposition, probably fresh-water. Only a little 
of the Ordovician nonmarine facies is preserved. It encroached from 
the south or southeast. There were probably still older, now eroded, 
continental beds toward the source of supply. The outlier of Martins- 
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burg at Clinton, New Jersey, is a remnant of such. The incomplete 
nonmarine record may be due to the cycle having been cut short by 
the Taconic Disturbance or to post-Taconic erosion having removed the 
final stages of Martinsburg deposition before later beds were formed. 


TACONIC DISTURBANCE 


The Taconic Disturbance has only in the last few decades received 
more than passing recognition in Pennsylvania. In 1926 B. L. Miller 
(1926) called attention to evidence for it in the eastern counties. More 
recently, Cleaves and Willard (1939) reviewed the situation. They 
believe that the Taconic Disturbance affected Pennsylvania west to 
the Susquehanna Valley. At Susquehanna Gap Martinsburg shale and 
Bald Eagle conglomerate are in disconformity. The conditions there, 
when contrasted with those south of the gap where the Fairview or 
equivalent sandstone is preserved, imply folding followed by erosion 
of the Martinsburg. This area should be near the western limit of 
disturbance, since the Fairview and higher beds to the west are all 
conformable. East from the Susquehanna, angular unconformity sepa- 
rates the Martinsburg from the next higher beds, be these Bald Eagle 
or Shawangunk (Tuscarora). Therefore, the tectonic break is beneath 
the Bald Eagle—that is, pre-Richmond. The youngest beds affected by 
the folding are the Shochary sandstone of Pulaski age. 

In New York the Taconic Disturbance is said to mark the close of 
the Ordovician. In Pennsylvania what has been called Taconic, it 
appears, happened before the close of the period, if the Bald Eagle 
and Juniata are Ordovician. Either the disturbance in Pennsylvania 
is not precisely synchronous with that in New York or the Pennsylvania 
sequence allows more precise dating. 

In eastern Pennsylvania the deposition of Martinsburg sandstones of 
Pulaski age was followed by the so-called Taconic Disturbance. Ero- 
sion then beveled the folded Martinsburg. The deposits of the Bald 
Eagle and subsequent Silurian beds spread across the eroded edges of 
the Martinsburg shales and sandstones and mark the resumption of 
sedimentation. 

Mention of the Bald Eagle and Juniata as formed after the Taconic 
Disturbance is anticlimactic, yet their Ordovician age is recognized. 
They follow a disturbance which succeeded the Martinsburg. If they 
are truly Ordovician, we must acknowledge either that a system may 
include units which are not members of its major sedimentation cycle 
or that the Taconic movement was intra- not interperiodic in Penn- 
sylvania. 
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SUMMARY 


(1) The Ordovician clastic sediments in Pennsylvania consist of the 
Martinsburg group, the Reedsville shale, the Bald Eagle sandstone and 
conglomerate, and the Juniata red beds. 

(2) The ages and interrelations of the Ordovician clastic sediments 
in Pennsylvania may be summarized as follows: 


ion Central South-central Eastern 
Pennsylvania Pennsylvania Pennsylvania 
SILURIAN Tuscarora Tuscarora Shawangunk 
AZ | Richmond | Juniata Juniata DISCONFORMITY 
< Bald Eagle | Bald Eagle Bald Eagle 
UNCONFORMITY 
Maysville 
| Sandy | Fairview = | Shochary 
upper | 7 sandstone 2 sandstone 
2 
> © | Shaly « | Shaly -~ | Shale and o 
lower | lower or slate 
Dauphin beds 3 ° 
Coburn = 
ra) a 
= Jacksonburg 
Trenton 
Chambersburg 


(3) By structures, stratigraphy, paleontology, and field relations the 
marine portion of the Martinsburg group resolves into two principal 
parts, the upper sandstones and the lower shales or slates, not three 
parts as sometimes stated. 
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ABSTRACT 


The Sawtooth Range is south of Glacier National Park and forms 85 miles of 
the Rocky Mountain front in northwestern Montana. The range averages 9 miles 
in width, consists of a broad northeastward-pointing arc, and extends north across 
the Saypo quadrangle. 

The sedimentary rocks exposed in the Sawtooth Range are approximately 5500 feet 
thick, are Paleozoic and Mesozoic in age, and are divided into nine formations: 
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Pagoda and Steamboat (Middle Cambrian), Switchback (Middle and Upper Cam- 
brian), and Devils Glen (Upper Cambrian), unnamed formation (Upper Devonian), 
Hannan (Mississippian), Ellis (Upper Jurassic), and Kootenai and Colorado (Lower 
and Upper Cretaceous). 

Three structural provinces occur in the central part of the Range: an eastern 
province, characterized by westward-dipping high-angle to moderately low-angle 
thrusts that increase in number northward; a central province, characterized by 
closely spaced, westward-dipping, high-angle thrusts, and by drag-folding of the 
Devonian and Mississippian rocks comprising the imbricated slices; and a western 
province, characterized by folded, low-angle overthrusts, above which the rocks are 
compressed into large open folds. 

The structures were produced by stresses from the west during the Laramide 
orogeny. The mountains were maturely eroded during the Tertiary, when the 
east-west courses of the main streams were established. Uplift in the Pliocene? raised 
the range to its present altitude but did not cause additional deformation. 


INTRODUCTION 
GENERAL STATEMENT 


During the field seasons of 1940 and 1941, the writer mapped the 
geology in the central and western parts of the Saypo quadrangle, Mon- 
tana, on the scale 1/62,500. All the field work in 1941 was done in 
the central part of the Sawtooth Range. The writer worked in the 
southern part of the range with C. H. Clapp in 1933 and completed 
mapping the areal geology of the part of the range between the Sun River 
and the south edge of the Saypo quadrangle (Fig. 2) in 1940. The field 
work has progressed to the point where some tentative conclusions may 
be published concerning the larger geologic structures in the central 
part of the Sawtooth Range. 

The stratigraphy and structure of the southwestern part of the Saypo 
quadrangle (Deiss, 1943, p. 205-262) has already been discussed. The 
present report is a companion to that paper, and represents the second 
publication which has resulted from the writer’s field work in the Saypo 
quadrangle for the Geological Survey, U. S. Department of the Interior. 


LOCATION OF SAWTOOTH RANGE 


The Sawtooth Range forms the front of the main body of the Rocky 
Mountains south of Glacier National Park in northwestern Montana. 
The range is broadly arcuate, the convex side of the are being directed 
eastward. The range extends 85 miles from the North Fork of Dearborn 
River northward, N. 20° W., and finally N. 45° W. to the South Fork of 
Two Medicine Creek. The east edge of the range fronts on the plains 
(Fig. 1), above which the mountains rise 2000 to nearly 4000 feet. The 
east boundary of the mountains is an irregular series of generally high- 
angle thrusts along which massive limestones of the Hannan (Mississip- 
pian) and Devonian were pushed over Mesozoic shales and sandstones 
on the plains. When seen from the plains the broken limestone cliffs 
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above the thrust faults seem to rise in a sheer wall which forms an abrupt 
and imposing front for this part of the Rocky Mountains. 

The Sawtooth Range is 2 to 13 miles in width and averages nearly 
9 miles throughout most of its length. The widest part is north of Route 
Creek and the Middle Fork of Teton River (Fig. 2). In this area also 
the geologic structure is most complex. The Sawtooth Range is bounded 
on the west by the South and North Forks of Sun River, the South Fork 
of Trail Creek, Strawberry Creek, South Badger Creek, and the South 
Fork of Two Medicine Creek. The range is separated structurally from 
the Lewis and Clark Range on the west and from the Livingston Range 
on the north by the Lewis overthrust. 

The Sawtooth Range occupies much of the Lewis and Clark National 
Forest, but the northwest part of the range is in the Flathead National 
Forest. The crest of the range, between the parallels 47°58’ and 48°8’, 
is part of the Continental Divide. The range lies between meridians 
112°30’ and 113°15’ W. Long. and occupies parts of Flathead, Lewis and 
Clark, Pondera, and Teton counties, Montana. The part of the Saw- 
tooth Range discussed in this paper is in the central part of the Saypo 
quadrangle, between the Sun River and Middle Fork of Teton River 
(Fig. 2). 

The geographic names used in this paper are those used locally and 
are published on the official maps of the Lewis and Clark National Forest 
by the United States Forest Service. Many of the names of streams and 
mountain peaks are different from those given on the Saypo quadrangle 
which was surveyed in 1901 and published in 1903. (Compare Figure 2 
and a copy of the Saypo quadrangle.) 


SUMMARY OF PREVIOUS WORK IN AREA 


Apparently only 9 or 10 geologists ever worked in the central part of 
the Sawtooth Range, and the six papers that were published before 1942 
dealt with isolated or generalized aspects of the geology of the region. 
Ina recent paper (Deiss, 1943, p. 209-211), the results attained by nearly 
all the geologists who worked in the mountains of the Saypo quadrangle 
were summarized. Because the central part of the range is in the Saypo 
quadrangle the summary applies to the area being described and does 
not need to be repeated here. The only field work not discussed in the 
summary was done between 1901 and 1903 by Calhoun (1906, p. 15-17) 
who studied the glacial geology along the front of the mountains. 
Calhoun made reconnaissance traverses up the main streams across the 
tentral part of the Sawtooth Range. 

The writer worked in the southern part of the mountains in 1933 and 
in 1940, but most of the field work which forms the basis of this report 
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was done between June and September 1941. A detailed account of the 
stratigraphy and structure of the Sawtooth Range never has been pub- 
lished, but the structure in the part of the range south of the area under 
consideration was discussed (Deiss, 1943, p. 248-253) recently. 
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ROCKS COMPRISING CENTRAL PART OF SAWTOOTH RANGE 
GENERAL STATEMENT 

The rocks exposed in the Sawtooth Range are of Middle and Upper 
Cambrian, Upper Devonian, Mississippian, Upper Jurassic, and Creta- 
ceous ages. The youngest formation (Ahorn quartzite) of the Belt series 
in the Lewis and Clark Range underlies the basal Cambrian sandstone 
in the Sawtooth Range and appears in some of the structure sections. 
Although the Ahorn quartzite and Hoadley formation (Deiss, 1948, 
p. 216-218) are represented in the structure sections (Fig. 3, B-B’), 
Proterozoic rocks do not crop out in the central part of, and probably 
nowhere in, the Sawtooth Range. 

The formations in the southern part of the Sawtooth Range recently 
were described in detail (Deiss, 1943, p. 211-240). The Paleozoic and 
Mesozoic formations in the southern part of the range also are present 
in the central part of the range and, therefore, need not be redescribed 
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here. The lithologic characteristics of some of the formations, however, 
change laterally, and the Cambrian rocks below the Pagoda limestone 
are not exposed in the area being discussed. 


CAMBRIAN FORMATIONS 


General considerations—Only four of the nine Cambrian formations 
recognized in the Lewis and Clark Range (Deiss, 1939a, p. 34-47) 8 miles 
to the west are exposed in the central part of the Sawtooth Range. These 
formations, from oldest to youngest, are: (1) the upper part of the Pagoda 
limestone, (2) the Steamboat limestone (Middle Cambrian), the lower 
half of which was not found in most of the map area, (3) the Switchback 
shale (Middle and Upper Cambrian), which seems to be somewhat 
thicker than it is farther west and south, and (4) the Devils Glen dolomite 
(Upper Cambrian), which averages 200 feet or more in thickness. The 
Pentagon shale, 290 feet thick, rests on the Pagoda limestone at Pentagon 
Mountain (Deiss, 1939a, p. 15) in the Lewis and Clark Range but has 
not been found in the central part of the Sawtooth Range. 


Pagoda limestone.—The Pagoda limestone crops out only in one locality 
in the map area and is not completely exposed. The upper part of the 
formation is exposed on the west side of Big George Gulch where the beds 
are folded and sheared. At Big George Gulch the Pagoda consists of 
more green shale and less massive limestone than at its type locality on 
Prairie Reef (Deiss, 1939a, p. 40-41) 11 miles southwest of Big George 
Gulch in the Silvertip quadrangle. Further, the rocks are so intensely 
folded and mashed on the west side of Big George Gulch that the Pagoda 
cannot be separated readily from the overlying Steamboat limestone. 


Steamboat limestone —The Steamboat limestone is exposed only on the 
west side of the range, except for small outcrops north and south of the 
Middle Fork of Teton River, south of Teton Peak (PI. 7, fig. 2), and 
northeast of Twin Peak. Nowhere in the central part of the Sawtooth 
Range is the Steamboat limestone completely exposed except possibly 
on the west side of Big George Gulch. The largest outcrops are in Cabin 
Creek (PI. 5, fig. 2) and on the ridge north of Biggs Creek. At the latter 
locality, the gray, irregularly bedded limestone contains many flakes and 
nodules of tan clay and several poorly exposed thin units of green shale. 
The limonite in the limestone and the tan clay flakes cause the Steamboat 
to weather to a characteristic bright buff tan color wherever the formation 
crops out. Thin lenticular limestone intercalated in the green shales con- 
tain disarticulated trilobites of the young Middle Cambrian Thomsonaspis 
fauna (Deiss, 1939a, p. 45; 1939b, p. 1005; 1940, p. 785). 
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Switchback shale—The Switchback shale is exposed at many more 
localities than is the Steamboat limestone but, like the Steamboat, is 
confined to the western part of the Sawtooth Range. The only two oc- 
currences of the Switchback east of the crest of the range are on the north- 
east spur of Teton Peak and on the ridge a mile west of Lonesome Ridge 
Lookout. In the central part of the range the Switchback consists of 150 
feet or more of black-green, dark-gray, and dark-maroon, fissile to 
chunky, finely micaceous and arenaceous shale. At irregularly separated 
horizons are intercalated beds of gray-brown-weathering, thick-bedded 
limestone; crystalline, thin-bedded, fossiliferous limestone that contains 
many grains of limonite which causes the rock to weather bright rusty 
tan; and thick beds (6 to 16 inches) of intraformational conglomerates 
whose matrix is medium to coarsely crystalline and whose pebbles are 
well rounded, finely crystalline limestone. Glauconite occurs in the 
matrix of some of the conglomerates. The upper part of the Switchback 
consists of alternating units of green and gray shale, and pale buff- 
weathering, argillaceous, soft, thin-bedded limestone. 

Norman Denson is studying the youngest Middle Cambrian trilobites 
from the Switchback shale in the Dearborn River (Coopers Lake quad- 
rangle). Denson (Deiss, 1943, p. 223) was the first to discover trilobites 
of both late Middle Cambrian and early Waucoban age in the middle 
and upper parts of the Switchback shale. G. O. Raasch recently examined 
the fossils of the younger fauna in the Switchback shale collected by 
Denson in the Dearborn Canyon. Raasch (personal communication) 
identified the following species and commented upon their age as follows: 
“The fauna is certainly Dresbach and presumably of the Crepicephalus 
Zone.” 

Fossils: 
Coosella sp. Terranovella? sp. 
Kingstonia? sp. Weeksina sp. 
The Upper-Middle Cambrian boundary, therefore, is somewhere in the 
middle or upper part of the Switchback shale in northwestern Montana. 


Devils Glen dolomite—The Devils Glen (Upper Cambrian) dolomite 
consists of light-gray, finely crystalline, massive, thick-bedded dolomite 
which is mottled pink and buff in some beds and locally contains small 
amounts of quartz sand. 

The Devils Glen dolomite in the central part of the Sawtooth Range 
has the same composition and appearance as that in the southern part of 
the range on Allan Mountain (Deiss, 1943, p. 223-224). North and south 
of Biggs Creek, however, spherulites resembling large odlites are numerous 
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throughout 30 to 40 feet of thickness in the upper beds of the Devils Glen 
dolomite. C.S. Ross studied rock specimens petrographically and com- 
ments on the structure as follows (personal communication): “Micro- 
scopic examination shows a coarsely crystalline limestone with the odlite- 
like grains differing from the rest of the rock only in color.” Locally, the 
spherulites are concentrated in lenses or stringers which alternate with 
fucoidal? limestones. The Devils Glen dolomite weathers white gray 
(Pl. 5, fig. 2) and usually forms cliffs in the central part of the range as 
it does nearly everywhere it crops out in the mountains of northwestern 
Montana. 
DEVONIAN ROCKS 

The Devonian rocks are approximately 1000 feet thick in the central 
part of the Sawtooth Range, are Upper Devonian in age, and are similar 
in composition and thickness to those in the southern part of the range 
described from Allan Mountain (Deiss, 1943, p. 226-227). However, the 
Devonian rocks in the northern part of the area differ slightly from those 
in the south in several ways. Red and green shale correlated with the 
previously described Glenn Creek shale member (Deiss, 1933, p. 42), 
which occurs above the basal limestone of the Devonian in the Lewis 
and Clark Range on White Ridge (Fig. 2), is absent in the Allan Moun- 
tain section (Deiss, 1943, p. 226-227). The Glenn Creek member, how- 
ever, is represented by pale-green and buff shale and argillaceous lime- 
stone, 15 to 25 feet thick, throughout the central part of the Sawtooth 
Range. The unit is an excellent marker bed on top of the white Devils 
Glen dolomite. In this part of the range the shale of this unit acted 
as a lubricant along the thrust faults. Buff and gray limestone which 
could be correlated with the previously described White Ridge limestone 
member of the Lewis and Clark Range (Deiss, 1933, p. 43) is absent. 
Possibly the buff, argillaceous limestones at the base of the shale in the 
central part of the Sawtooth Range are equivalent to the beds on Allan 
Mountain that have been correlated with the White Ridge member. 

The rocks equivalent to the Coopers Lake limestone in the Lewis and 
Clark Range (Deiss, 1933, p. 43; 1943, p. 227) are thinner in the Sawtooth 
Range. This unit thickens northward from Allan Mountain and con- 
tains fewer fossils but so many flakes, blebs, and stringers of buff and 
gray siliceous clay that the rock lithologically resembles the Steamboat 
limestone (Cambrian). 

In most of the central part of the range the beds correlated with the 
Lone Butte member in the Lewis and Clark Range (Deiss, 1933, p. 43-44) 
are similar in composition to those in the same unit on Allan Mountain 
(Deiss, 1948, p. 226-227), but between Circle and Headquarters creeks 
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(Fig. 2) the upper 350 feet consists of more gray-weathering limestone 
and less buff shale. 

The Devonian rocks in the central part of the range are being mapped 
as one or, locally, two formations which will be named when the report 
on the Saypo quadrangle is published. 


MISSISSIPPIAN ROCKS 


Hannan limestone—The Hannan limestone (Deiss, 1943, p. 228-231) 
forms the highest peaks (PI. 1, fig. 1) and many of the high ridges in the 
Sawtooth Range where it rests conformably on the Devonian. 

The formation, 1400 feet thick, consists of a basal limestone breccia 
4 to 25 feet thick overlain, in the northern part of the map area, by 400 
feet of black and tan, brittle, finely crystalline, hard limestone. The next 
600 to 700 feet is light-gray, crystalline, thick- and thin-bedded, fossil- 
iferous, cherty limestone which weathers light-buff-gray. The upper 300 
feet of the Hannan is dense, buff and pale-gray, finely crystalline, thick- 
and thin-bedded dolomite which weathers white gray (Pl. 1, fig. 2) and 
is correlated with the upper Mississippian Brazer limestone of Idaho. 

The Hannan limestone in the central part of the Sawtooth Range 
differs in one important and in several minor lithologic features from 
that to the west and south in the Lewis and Clark Range and in the 
southern part of the Sawtooth Range. Throughout the mountains, south 
and west of the central part of the Sawtooth Range, the rocks above the 
basal limestone breccia are dark-tan-gray, finely crystalline, thin-bedded, 
usually fossiliferous limestones which contain much black- or dull-gray 
chert, and weather dull gray. This unit of the Hannan has been named 
the Dean Lake chert member in the Lewis and Clark Range (Deiss, 1933, 
p. 46). In the Sawtooth Range north of Deep Creek the beds that occupy 
the same stratigraphic position as the Dean Lake chert member consist 
of a basal unit 30 to 40 feet thick of black-gray brecciated, finely crystal- 
line limestone which forms rounded cliffs. Above the breccia is 10 to 15 
feet of blue-gray, thick-bedded, fossiliferous limestone (weathered zaph- 
rentids and crinoids), in turn overlain by 15 to 20 feet of chocolate- 
maroon and black-gray, platy, caleareous shale which weathers to brown 
soil. The upper 325 to 375 feet of the unit consists of black-gray, hard, 
brittle, finely crystalline, thick- and thin-bedded unfossiliferous limestone 
which weathers lighter gray than the fresh fracture. Many beds weather 
drab buff or pale tan and to irregular, raised, finely wavy bands 0.2 to 
200 mm. thick. Some of the limestone which forms the bands is the 
same color on fresh fracture as the other part of the beds, whereas the 
unweathered limestone which forms other bands is steel tan gray on fresh 
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fractures. Irregularly distributed throughout this unit are a few 2- to 
4-foot black calcareous platy shales, and shaly limestones. The limestone 
in the upper part of the unit is faint tan gray, more coarsely crystalline, 
thicker- and more massive-bedded, and weathers lighter gray. In con- 
trast with the typical Dean Lake member, chert is rare or absent in these 
limestones; fossils are scarce and poorly preserved; and the rocks weather 
buff tan so that, from a distance, they look like those of the Devonian. 
This unit was not mapped separately but is important in deciphering the 
geologic structure of the central part of the Sawtooth Range. In describ- 
ing the geologic structures the unit is referred to, for convenience, as the 
black and tan unit. 

The black and tan unit of the Hannan is overlain by the typical light- 
gray-weathering, thick-bedded, fossiliferous, cherty limestones equivalent 
to the Rooney chert member described in the Flathead and Lewis and 
Clark ranges (Deiss, 1933, p. 47; 1943, p. 229-230). The upper part of 
the Hannan, as in the southern part of the Saypo quadrangle (Deis, 
1943, p. 230), is composed of white-gray-weathering thick-bedded, finely 
crystalline, pale-buff and light-gray cherty dolomite (PI. 1, fig. 2). The 
upper beds of this unit locally contain numerous quartz crystals one- 
sixteenth to one-half inch and occasionally as much as 11% inches in 
length, segregated in geodal cavities. Poorly preserved large coralla of 
Syringopora sp., and Lithostrotion? sp. are present but rare in the upper 
beds. 

JURASSIC ROCKS 

General statement.—The rocks referred to the Ellis formation in the 
Sawtooth Range are Upper Jurassic (Divesian and Argovian) of the 
European classification, and are tentatively correlated with the upper 
part of the Ellis formation in the Little Rocky Mountains of central 
Montana (Deiss, 1943, p. 232). In the southern part of the Sawtooth 
Range the Ellis formation is almost 250 feet thick (Deiss, 1943, p. 233- 
235), nearly the same as the minimum thickness reported by Stebinger 
(1918, p. 135) for the formation in the plains east of the range. The 
Ellis formation thickens northward and is 390 feet at the head of Rierdon 
Gulch (Fig. 2), where the following complete section was measured 
in 1941. 


Rierdon Gulch section—The section was measured in the 8% sec. 23, 
T. 24 N., R. 9 W., on the divide between the heads of Rierdon and Slim 
gulches. The section begins at an altitude of approximately 7550 feet, 
nearly 275 feet north of the saddle at the east end of the divide. The 
section traverse extends west on and near the crest of the divide between 
the heads of Rierdon and Slim gulches (PI. 2, fig. 1). 
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Ficure 1. Twin Peak SHOwING CHARACTERISTIC RipGes ForMEpD oF STEEPLY Dipp1NnGc FAULTED 
HANNAN LIMESTONE 
Je =Ellis formation, Ch =Hannan limestone. 
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Figure 2. EntrrE SECTION OF HANNAN LIMESTONE ON East S1vE oF Crest or SAwrootH RANGE. 
Kk =Kootenai formation, Je =Ellis formation, Ch =Hannan limestone, D =Devonian limestone 
(formation unnamed). 
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Ficure 1. Mippie Bricut Burr ARENACEOUS LIMESTONE AND UpprpeR BuFF AND GRAY SHALES 
or FoRMATION 1 

X5, X6, and X7 =Faunal zones of fossil locality 5. See Rierdon Gulch section. 
Kk =Kootenai formation, Je =Ellis formation, Ch =Hannan limestone thrust upon Colorado shale. 


, Ficure 2. Dark SHALES AND INTERCALATED 
Burr ARENACEOUS LIMESTONE IN MIDDLE Part OF ELLIS 
X1, X2, X3, and X4 =Faunal zones of fossil locality 5. See Rierdon Gulch section. 


RIERDON GULCH SECTION OF ELLIS FORMATION 
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Lower CRETACEOUS 
Kootenai formation 
Sandstone, shale, and some limestone: 1100 feet in thickness; 
marked at base by a tan-gray, fine-grained, hard sandstone. See 
Rierdon Gulch section of Kootenai formation on the following 
pages. 
Upper Jurassic 
Ellis formation 
15. Shale and limestone: dark- to blackish-gray, very slightly calcare- 
ous and micaceous shale, interbedded with finely arenaceous, 
argillaceous, finely crystalline limestone of which one bed 15 feet 
below top weathers bright tan. Unit weathers dark gray, and 
forms slope usually covered with talus of overlying shaly mica- 
14. Shale and limestone: alternating units of dull-gray, fissile to 
chunky, calcareous shale; and many 2- to 6-inch beds of dull- 
gray and faint tan-gray, lithographic limestone; and blue-gray 
medium-crystalline, fossiliferous limestone which weathers tan 


13. Shale and limestone: alternating 4- to 8-foot units of buff and 
gray, very calcareous shale which weathers pale gray and con- 
tains nodules of barite; and interbedded dull-gray argillaceous 
limestone which contains small pelecypods. Base of fossil locality 
Fossils: 

Camptonectes cf. C. extenuatus Meek and Hayden 
Gryphaea nebrascensis Meek and Hayden 
Pachyteuthis sp. 

12. Shale and limestone: alternating zones of dark-gray fissile sale; 
pale-buff-gray and dull gray, extremely argillaceous, lithographic, 
fossiliferous limestone; and 2- to 6-foot zones of drab buff-gray 
chunky shale. Barite nodules average 4 inch in diameter in 
drab-buff shales. Coarsely ribbed pelecypods, flat smooth brachi- 
opods, and Gryphaea in upper shale. Gryphaea abundant in 
lower-middle part of unit. Unit weathers pale buff and gray. 
locality 6, sone 6 (PI. 2, fig. 1)... 


Fossils: 
Astarte packardi Meek Pleuromya weberensis Meek 
Camptonectes sp. Trigonia montanensis Meek 


Grammatodon inornatus Meek 
Gryphaea aff. G. impressimargi- 
nata McLearn 
11. Limestone: pale tan-gray and bright-buff, argillaceous, finely are- 
naceous, fossiliferous limetone in 1- to 6-inch beds. Weathers 
bright tan and forms ledge at top of tan-buff zone. Fossil local- 


Fossils: 
Astarte packardi Meck Ostrea sp. 
Camptonectes bellistriatus Meek Pachyteuthis sp. 
C. cf. C. extenuatus Meck and Pentacrinus asteriscus Meek 
Hayden and Hayden 
Eumicrotis curta (Hall) Protocardia sp. 

10. Unit covered with soil of bright-buff-tan, calcareous. finely arena- 
ceous mudstone or finely arenaceous, extremely argillaceous lime- 
stone. Fragments of Pachyteuthis species in lower beds........ 

9. Limestone and sandstone: bright-buff-tan, fine-grained, very cal- 
careous, fossiliferous, argillaceous sandstone which grades up into 
buff-gray finely arenaceous limestone. Weathers bright tan and 
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Feet Meters 
55 16.8 
33 10.1 
75 228 
38 116 

5-7 15-21 
33 10.1 
1-15 0.3-0.5 
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8. Limestone, shale and sandstone: buff-gray, extremely argillaceous 


and finely arenaceous, irregularly bedded, fossiliferous limestone 
which weathers bright buff tan, and contains many pelecypods; 
interbedded with some buff-gray shale which grades up into 
bright-tan, soft, calcareous, very thin-bedded sandstone. Unit 
more arenaceous up section. Fossil locality 5, zone 4, from base 


Fossils: 

Ammonite, juvenile, undeter- Ostrea strigilecula White 
mined Pholadomya kingi (Meek) 

Astarte meeki Stanton? Pinna kingt (Meek) 

Camptonectes bellistriatus Meek Pleuromyasp. 

Eumicrotis curta (Hall) P. weberensis (Meek) 

Grammatodon? sp. Protocardia sp., probably 

G. cf. G. inornatus Meek new 

Natica? sp. Trigonia montanensis Meek 


7. Shale and limestone: dull-gray, slightly fissile shale and inter- 


calated gray limestone. Limestone weathers to nodular rounded 
pebbles on shale slope. Top of fossil locality 5, zone 3. Unit 
forms upper part of lower gray zone in Ellis.................... 


6. Shale and limestone: dull-gray shale and argillaceous shaly, fos- 


siliferous, limestone in lower half, and drab-tan shale and pale 
buff-gray calcareous shale in upper half. Unit weathers gray 
and forms slope. Poorly preserved brachiopods and pelecypods 


5. Shale and limestone: dark-gray, chunky and fissile, calcareous shale 


in 4- to 20-foot zones interbedded with 1- to 5-foot zones of 
gray, fine-grained, hackly, massive, thin-bedded, argillaceous, 
fossiliferous limestone and with other zones of rusty-brown are- 
naceous shale which contains grains of pyrite and limonite. 
Unit weathers dull gray streaked brown tan. Near top is 4-foot 
zone of drab-tan-weathering calcareous shale. Base of fossil 


Fossils : 


Dosina aff. D. jurassica (Whit- Protocardia sp., prob. new 
field) Tancredia inornata Meek 
Gryphaea sp. Volsella subimbricata Meek 


Pleuromya weberensis Meek V.sp.,probably new 


4. Limestone and shale: rusty-brown and drab-gray shale which con- 


tains much limonite and is interbedded with 4- to 3-inch beds 
of dull-gray, platy, fossiliferous, hard limestone, and some 2-inch 
medium crystalline gray limestone and 4- to 5-inch beds of 
pale-gray lithographic limestone which contains many tiny crys- 
tals of pyrite. Fossil locality 5, zone 2, in platy limestone 2 feet 
Fossil: Tancredia inornata Meek? 


3. Limestone, shale and sandstone: dull-gray, arenaceous, finely 


banded limestone in 3- to ?-inch beds intercalated in black- to 
dull-gray, fissile shale. At top of unit is zone 4 to 5 inches 
| thick of rusty tan-green-weathering thin-bedded limestone and 
calcareous sandstone. Beds and lenses of calcareous sandstone 
contain many pelecypods and brachiopods. Fossil locality 5, 


Fossils : 
Astarte meeki Stanton Nucula n. sp. 
A. packardi White Ostrea sp. 
Cerithium sp.. probably new Pachyteuthis sp. 
Dentalium sp. Tancredia inornata Meek 


Eumicrotis curta (Hall) Trigonia montanensis Meek 


Feet 
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16 


41 
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25 
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Feet Meters 

2. Shale, sandstone, and limestone: black, very finely arenaceous, 

fissile shale; contains minute crystals of gypsum, and is stained 

buff brown on bedding surfaces. Tan, finely banded, soft sand- 

stone interbedded in lower part and one 5- to 6-inch bed of dull- 

gray argillaceous, more or less lithographic limestone in upper 

part of unit. Limestone contains 4- to l-inch mud cracks on 

upper surface. Some 1- to 2-inch limonite concretions in upper 


1. Quartzite: dull-gray, fine-grained, fairly homogeneous, thick- 
bedded, massive, locally finely banded; contains much limonite. 
Upper surface strongly rippled, and also rolled in waves 10 feet 
wide and as much as 2 feet high. Upper surface stained deep 
rusty brown and shows liesegang rings of limonite and hematite. 
Contact of quartzite on Hannan is irregular, but apparently 


Total thickness of Ellis formation........................ 390 119.0 
MISsSISSIPPIAN 
Hannan limestone 


Dolomite: pale-tan-gray, and dull-gray, finely crystalling (nearly 
lithographic) thick-bedded, cherty, siliceous, fossiliferous; con- 
tains dark-gray chert in stringers and nodules. In geodes in 
chert are quartz crystals as much as 1 inch in length. Many 
weathered siliceous corals and fenestellids. Dolomite weathers 
white gray and breaks to angular fragments. 


Ellis formation.—The basal 1 to 3 feet of the Ellis formation consists 
of dull-gray, fine-grained, massive quartzite which weathers rusty tan 
and rests on the irregular wavy upper surface of the upper Hannan lime- 
stone. The overlying 135 feet of the Ellis is black-gray and dull buff-gray 
shale interbedded with gray platy to massive, fossiliferous, argillaceous, 
and occasionally arenaceous limestone. The rocks in this unit weather 
gray and buff gray and form characteristic shale slopes of the lower Ellis 
(Pl. 2, fig. 2) wherever the formation is exposed in the central part of 
the range. 

The medial 50 feet of the Ellis formation consists of bright tan- 
buff-weathering shaly and thick-bedded finely arenaceous fossiliferous 
limestone and calcareous fine-grained sandstone. 

The upper 199 feet of the Ellis formation consists of alternating 4- to 
8-foot units of dull-gray and buff calcareous shale and interbedded pale- 
blue-gray argillaceous fossiliferous limestone. This unit weathers dull 
buff gray and forms slopes characteristic of the upper part of the forma- 
tion (Pl. 2, fig. 1) throughout the central part of the Sawtooth Range. 
The following species collected by Josiah Bridge in 1941 from the west 
end of Lonesome Ridge (Locality 6) were identified by J. B. Reeside, Jr. 
(personal communication), who says: “Same fauna as that collected at 
the head of Lange Creek in 1940 (Deiss, 1943, p. 232), probably not older 
than upper Ellis.” 
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Fossils: 
Camptonectes cf. C. bellistriatus Meek Pachyteuthis densus (Meek and Hayden) 
Cardinia sp. Pleuromya weberensis (Meek) 
Gryphaea cf. G. impressimarginata Quenstedticeras (Eboraciceras) aff. 

McLearn Q. tumidum Reeside 

G. nebrascensis Meek and Hayden Macrocephalitid ammonites, several spe- 
G. cf. G. planoconveza Whitfield cies, probably new 
Ostrea sp. Serpula sp., probably unnanmed 


CRETACEOUS FORMATIONS 


General statement.—The youngest indurated rocks in the central part 
of the Sawtooth Range are Cretaceous in age. The Lower Cretaceous is 
represented by continental sediments which comprise the Kootenai forma- 
tion, and the Upper Cretaceous is represented by the lower part of the 
marine Colorado shale, the Blackleaf sandy member (Stebinger, 1918, 
p. 158-161). Diorite, intruded into the Cretaceous shales and sandstones 
along part of the west side of the range, forms a sill nearly 350 feet thick 
on Circle Creek. The sill thins northward and disappears between Head- 
quarters and Ray creeks (Fig. 2). The intrusion probably occurred late 
in the Cretaceous (Deiss, 1943, p. 248). 


Rierdon Gulch section—The following section of Colorado and 
Kootenai rocks was measured just west of and on the same ridge as 
the Ellis formation in the section at the head of Rierdon Gulch. The top 


of the section is on the west end of the divide at the base of the sheer 
cliffs of Hannan limestone. 


Upper CRETACEOUS 
Feet Meters 


Colorado shale (Blackleaf sandy member) 


29. Shale and sandstone: black fissile and some chunky shale. In 
middle part of unit green-tan, medium-grained sandstone in 
beds as much as 2 feet thick, and occasional nodules of fine- 
grained sandstone which contains worm tubes on upper surface. 
Unit weathers black, and sandstone forms ledges in shale slope. . 

Note: Top of measured section cut off by high-angle thrust 
which throws dark-gray, cherty, thick-bedded, fossiliferous 
Hannan limestone on black Colorado shale. 


28. Sandstone: tan-green-gray, fine- and medium-grained, thin-bedded 
in lower part, thick-bedded (4 inches to 5 feet) in upper part. 
Weathers buff gray, stained drab tan, and forms sheer cliffs 
between black shale slopes. Upper surface of beds irregular and 
weathered rusty brown 

27. Shale: black, fissile, some paper-thin, extremely fine-grained, 
smooth. Several 6-inch to 2-foot zones of greenish-weathering, 
calcareous, dark-gray, finely arenaceous chunky shale and sand- 
stone; and a few small, hard, black-gray limestone concretions. 
Unit weathers black above upper drab-buff shale of Kootenai 
formation 
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42 128 
73 22.1 
a Total thickness exposed of Colorado shale................ 205 623 
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Lower CRETACEOUS 
Feet Meters 
den) Kootenai formation 
96. Shale, sandstone, and concretions: dull-green, maroon, and drab- 
buff, hard, chunky shale in alternating zones; and some 3- to 
6-foot zones of brighter-green, thin-bedded sandstone which con- 
Spe- tains large rounded concretions of dull-green, tough, dense, dark- 
brown-weathering sandstone. Unit weathers green, drab tan, and 
maroon. Upper 5 to 7 feet drab-buff-tan-weathering chunky 
shale, here capped with 1- to 2-inch beds of argillaceous, limonitic 
art 95. Sandstone: green, medium-grained, generally thick-bedded, mas- 
sive, dense; upper beds darker-green and finer-grained. Lower 
31s half strongly cross-bedded. Much irregularly distributed limo- 
quite throughout unit. Forms 66 20.1 
94. Shale and sandstone: maroon and tan-green, hard, chunky, finely 
arenaceous shale, and in lower 5 to 6 feet green, medium-grained 
18, sandstone. Unit weathers drab green-tan with maroon band near 
. . Shale: drab-buff, very finely arenaceous, chunky, hard shale or 
ck mudstone in lower and upper parts; drab-green micaceous, arena- 
d ceous shale in middle part. Unit weathers drab tan and forms 
ite 92. Sandstone: dull-green, medium coarse-grained, cross-bedded. thin- 
bedded but massive. Grains of black chert?, gray quartz, 
salmon-pink orthoclase, muscovite, and some augite and horn- 
d blende. Green color may result from weathering of ferromag- 
1 nesian minerals. Weathers dull-green stained brown on cliff 
faces. This sandstone is a lens which, one-eighth mile south, 


Pp C. 8. Ross (personal communication) who studied a thin sec- 
er tion of this rock, says: “An arkosic sandstone, or perhaps it 
might be called a graywacke. It is composed of angular frag- 
ments of quartz, quartzite, chert-like fragments (very abun- 
dant), feldspar, biotite, chlorite, muscovite, shale, schist, and 
volcanic rock grains. This is all cemented together by a 
| pale-green material that most closely resembles celadonite.” 


1. Shale: maroon and drab-buff, chunky and some very slightly fissile, 
some finely arenaceous. Weathers maroon and buff and forms 
Sandstone: dark-green-gray, massive, medium-coarse-grained. ir- 
regularly and thick-bedded, locally cross-bedded. Weathers drab 
{ brown and forms cliffs. Upper third brighter green and finer- 
. Sandstone: dull-green, micaceous, soft, thin-bedded, massive, 
tough, separated by 1- to 4-foot zones of dark-green-gray coarse- 
grained, thick-bedded, hard sandstone which forms ledges and is 
slightly lenticular; and contains much limonite which weathers 
brown on bedding surfaces. Unit weathers green gray stained 
. Shale, sandstone, and concretions: alternating zones of maroon, 
chunky, and fissile, finely arenaceous shale; pale green-gray shaly 
bedded sandstone which contains concretions of sandstone; and 
dark-maroon-gray, fine-grained, hard, siliceous? limestone. Many 
small limestone concretions covered with a layer of hematite or 
limonite. Unit weathers maroon, streaked gray green, and forms 
7. Sandstone: green, massive, fine-grained, dense, thin-bedded; con- 
tains some brown-weathering sandstone concretions 12 inches 
thick. Sandstone weathers green gray and forms ledge........ 19 58 


ao 


~ 


=" 
kens to 100 feet ae 13.7 is 


1142 


16. 


15. 


14. 


13. 


12. 


10. 


Shale, sandstone, limestone, and concretions: alternating units of 
dull-maroon, finely arenaceous, chunky, and a little fissile shale 
in bands 20 to 40 feet thick; thinner zones of pale-green arena- 
ceous, thick-bedded sandstone which locally grades into argilla- 
ceous, thin-bedded sandstone; and in middle of unit occasional 
beds of maroon-gray finely crystalline limestone which exhibits 
cone-in-cone structure. In green sandstone are many 8- to 
15-inch concretions of lavender-gray, medium-grained, dense, 
hard, limonitic sandstone which weathers dark brown. Septaria 
common. Some small (1 to 3 inches) concretions of hematite 
mixed with limonite. Unit weathers banded maroon and green, 
and concretions weather dark brown........................--- 

Sandstone: pale- and green-gray, fine- to medium-grained, dense, 
thick-bedded; weathers light-buff stained brown from limonite. 
Upper bed weathers deep tan and to rounded irregular surfaces. . 

Shale: pale-olive-green, finely arenaceous shale or mudstone. In 
middle, 2 to 3 feet of dark-maroon and black-gray dense shale 

Limestone: dove-gray, lithographic, thick- and thin-bedded (4 
to 10 inches); weathers pale buff gray. Lower beds contain 

Quartzite and shale: black-gray, extremely fine-grained, dense, 
thick-bedded quartzite in lower half, and dark-gray clay-shale 
which weathers light gray. Quartzite weathers green-gray 

C. S. Ross (personal communication), who studied a thin 
section of this quartzite, says: “A very fine-grained arkosic 
rock, composed dominantly of angular quartz grains, set in a 
very fine-grained cement of secondary quartz, and mica-like 
or kaolin-like minerals.” 

Shale and arkose: alternating zones of drab arenaceous shale, and 
three beds of cream-gray and green-gray coarse-grained quartzite 

Quartzite: two beds; tan and dark-gray, coarse-grained. Grains 
of quartz, jasper, feldspar, garnet, and rare augite and horn- 
blende. Contains angular pebbles of cream-tan, fine-grained 
quartzite 4 to 1 inch in diameter. Unit weathers rusty tan and 


. Unit covered: probably underlain by shale and shaly sandstone... 
. Sandstone: pale-tan, fine-grained, grades up into dull-gray finely 


banded coarse-grained, and at top, 3 feet of cream-gray, medium- 
— ieee. All thick-bedded (2 to 36, average 18 inches). 


. Shale and sandstone: pale-drab-green, faint-maroon-gray, and some 


tan, more or less finely arenaceous shale which breaks to tiny an- 
gular fragments; interbedded green-tan-gray, 2- to 24-inch beds 
of sandstone in lower third; some tan-gray “salt and pepper” 
sandstone in middle third; dull-gray, fine-grained, dense, hard, 
finely banded thick-bedded sandstone in upper third. Sandstone 
forms ledges in slope and increases in amount and thickness of 


. Shale and limestone: black-gray, buff, and drab-green, chunky, and 


some fissile shale which becomes finely arenaceous up section. 
In lower half are 6- to 8-inch beds of blue- and pale-gray, finely 
crystalline, limonitic limestone which weathers tan. Shale 
weathers buff gray, and contains fragments of silicified wood, and 
fragmental bones and teeth of reptiles......................... 


. Limestone: tan, thin-bedded and arenaceous in lower 6 inches; 


blue-gray, lithographic, hard, pure; one bed in upper 18 inches. 
Contains stringers of limonitic clay and weathers drab brown. 
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4, Shale and sandstone: black-gray, chunky, very finely micaceous 
shale; contains 2%-inch concretions of black limestones whose 
centers contain calcite crystals as much as 1 inch long. In upper 
part are interbedded green-tan, thin-bedded, flaggy argillaceous 


micaceous, fine-grained 6 18 
3. Sandstone and shale: similar to that in unit number 2, but shale is 
thicker-bedded and lumpy. Weathers drab rusty gray.......... 5 15 


2. Sandstone and shale: dark-green-gray, fine-grained, thin- and irregu- 

larly bedded, micaceous sandstone; dark-gray, arenaceous shale 

interbedded. Occasional 2- to 5-inch beds of medium coarse- 

grained, tan and gray hard sandstone which contains limonite 

grains and weathers dark rusty brown. In upper part of unit are 

some nodules of concentrated limonite. Unit weathers black 

1. Sandstone: one bed, faint-tan-gray, fine-grained, hard. Contains 

finely disseminated limonite. Weathers tan and forms ledge. 


Total thickness of Kootenai formation..................... 1100 335.3 


Kootenai formation.—The rocks correlated with the Kootenai forma- 
tion of Dawson (1885, p. 2) vary lithologically more than any other 
indurated formation in the mountains and thus have been important in 
the structural and physiographic development of the Sawtooth Range. 

The Kootenai formation contains few, if any, persistent lithologic units 
that can be traced throughout the mountains. Stebinger (1918, p. 156) 
stated that the formation is 900 feet thick in the region just east of the 
Sawtooth Range, and that the Kootenai: “. . . is composed essentially of 
shale and clay that are mostly red and purple, alternating with six to 
eight beds of gray to greenish-gray medium to coarse grained sandstone 
between 30 and 60 feet in thickness and rather evenly distributed through- 
out the formation.” 

In the Sawtooth Range the Kootenai formation also consists of alter- 
nating shales and sandstones but the sandstones are lenticular, not per- 
sistent, and are irregularly distributed throughout the formation (PI. 3, 
fig. 1). 

In the Rierdon Gulch section the Kootenai formation is 1100 feet thick, 
but the medial conglomerate is absent, and the formation appears to 
be thinner than in some other places in this part of the mountains. 
Probably the maximum thickness of the Kootenai is more nearly 1500 feet. 

The lower part of the formation consists of an interbedded series of 
black-gray micaceous and arenaceous lumpy shales, and thick- and thin- 
bedded, lenticular, tan and dark-green-gray sandstones (Pl. 3, fig. 1). 
The unit locally is marked at the top by a 2-foot bed of tan and blue- 
gray hard limestone. Much limonite, locally concentrated in nodules, is 
disseminated throughout the shale and sandstone causing them to weather 
rusty brown. The remainder of the Kootenai (1035 feet) consists of 
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20- to 40-foot units of maroon and green-gray, micaceous, finely areng- 
ceous, chunky and fissile shales. Thinner units of pale- and dull-green 
fine- to medium-grained, locally argillaceous, thin-bedded but massive 
soft sandstone alternate with the shales. Sandstone predominates in the 
upper part of the larger unit. The most striking features of the sand- 
stones are the green color caused by the cementing mineral, which js 
thought by C. S. Ross (personal communication) to be celadonite (Hen- 
dricks and Ross, 1941, p. 683-708), and the wide variety of minerals 
which comprise the rock. (See unit 22 of Rierdon Gulch section.) 
Within some of the green sandstones in the upper-middle and near the 
top of the Kootenai formation are many 8- to 15-inch concretions of 
lavender-gray, medium-crystalline, dense, hard, limonitic sandstone which 
weathers very dark brown. Near the upper-middle part of the formation 
is a 16-foot unit of dove-gray lithographic thick- and thin-bedded lime- 
stone whose basal beds contain high-spired gastropods. 

A remarkably persistent conglomerate also is present in the upper- 
middle part of the Kootenai in the Sawtooth Range. The pebbles range 
from one-eighth to 7 inches but average 1 inch in long diameter and 
consist of monzonite, black chert, pink quartzite, white and tan quartz, 
and some jasper (Pl. 3, fig. 2). The conglomerate is estimated to be 
nearly 100 feet thick on the ridge east of the 9100-foot peak east of 
Rocky Mountain. 

The brilliant red colors, characteristic of the Kootenai formation in 
the southern part of the Sawtooth Range, are not so well developed in 
the central part of the range, where the formation contains more drab- 
green sandstone and less maroon shale. 


Colorado shale——The Colorado shale in the central part of the Saw- 
tooth Range is represented by the Blackleaf sandy member (Stebinger, 
1918, p. 158-161) which rests almost conformably on the upper shale and 
sandstone of the Kootenai. The Colorado shale usually is cut out by high- 
angle thrusts which threw limestone of the Hannan on shale and sand- 
stone of the Kootenai. In the Rierdon Gulch section 205 feet of the 
Blackleaf sandy member is well exposed. The basal unit consists of 73 
feet of black soft smooth fissile shale, in which are intercalated several 
6- to 24-foot dark-gray-green, caleareous sandstones and a few black- 
gray, hard, limestone concretions. Above the basal black shale is 42 feet 
of tannish-green-gray, fine- and medium-grained, thin- to thick-bedded 
massive sandstone, which weathers drab tan and forms sheer cliffs. The 
youngest Colorado exposed at the head of Rierdon Gulch is 91 feet of 
black shale, in the middle of which are interbedded green-tan fine-grained 
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Ficure 1. Koorenar Formation At Heap or No Business CREEK 
Kk =Kootenai formation, Je =Ellis formation, Ch =Hannan limestone. 


Ficure 2. CONGLOMERATE IN MepIAL Part oF KooTreNAt FoRMATION 
Lead pencil gives scale. 


KOOTENAI FORMATION 
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Ficure 1. Grounp Morarne RestinG ON Koorenat ForMATION IN Norts Fork or SuN 
River VALLEY 
Pd =Morainal material, Kk = Kootenai formation. 


Ficure 2. Looxinc ALONG Front oF RANGE TO SAWTOOTH RIDGE 


GLACIAL DRIFT ON KOOTENAI FORMATION AND FRONT OF SAWTOOTH RANGE 
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sandstones in beds as much as 2 feet thick; however, younger Colorado 
shale than that at the head of Rierdon Gulch may crop out in the central 
part of the Sawtooth Range. Fossils were not found in the central part 
of the range, but in younger beds of the Blackleaf sandy member in the 
southern part of the Sawtooth Range (Deiss, 1943, p. 239) the following 
species were collected: Cardium n. sp., Corbula pyriformis Meek var., C. 
ef. C. nematophora Meek, Lingula sp., Nuculana sp., Ostrea sp., Pyrguli- 
fera humerosa Meek var., Thracia sp. 


Igneous rocks.—The only igneous rocks in the central part of the Saw- 
tooth Range are diorite and syenite, that were intruded as a sill now 
exposed on the east side of the North Fork of Sun River Valley. The sill 
forms a dissected ridge which descends in altitude from 7000 feet north 
of Cabin Creek to 6300 feet north of Headquarters Creek. The sill also 
thins northward and disappears on the ridge north of Headquarters Creek. 
The rocks are similar in composition to those forming the sills in Patrick’s 
Basin and probably were intruded at the same time—late in the Cre- 
taceous period (Deiss, 1943, p. 248). C.S. Ross, who studied thin sec- 
tions made from rock specimens collected in 1941, comments as follows: 

“The specimens vary somewhat in ratio of orthoclase to plagioclase (oligoclase). 
They are probably best described as diorites, although they may vary to monzonite 
incomposition. There is a small proportion of quartz, and the essential dark minerals 
are augite, biotite and magnetite, which do not exceed a few percent of each.” 

Ross also restudied thin sections of the rock specimens collected in 1940 
and compared them with new specimens collected in 1941 and with two 
specimens collected from the same sill identified as syenite by Adolph 
Knopf (Cobb, 1941, p. 10). In summary of the information obtained from 
the larger number of specimens and thin sections Ross (personal com- 
munication) says: “These specimens all belong to the same group, and 
one contains quite a proportion of plagioclase. Others contain abundant 
rthoclase and all are characterized by secondary biotite aggregates. 
Thus as a group, they seem to be syenitic as suggested by Knopf.” 


PLEISTOCENE DEPOSITS 


Most of the mountain valleys in the central part of the Sawtooth Range 
contained glaciers during the Wisconsin stage. The alpine glaciers were 
largest near the crest of the range at the heads of the main east-west 
streams such as Deep, Biggs, Headquarters, Ray, and Route creeks, and 
it the heads of the South and Middle Forks of Teton River (Fig. 2). The 
iee deepened and cut the lower valleys into U-shaped profiles and sculp- 
tured imposing cirques on both flanks of the crest of the range. 
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Part of the debris eroded from the mountains was carried east through 
the valleys of Deep Creek and the Teton River and was deposited as 
terminal moraines on the plains in front of the mountains (Alden, 1932, 
p. 120). As the ice retreated at the close of the Wisconsin, ground mo- 
raines were laid down in the lower parts of many of the mountain valleys. 
Recessional moraines are numerous near the higher peaks, and lateral 
moraines were deposited on the sides of many valleys. The greatest 
glacier in the region was just west of the central part of the Sawtooth 
Range (Fig. 2) in the North Fork of Sun River Valley. The ice flowed 
westward out of the many valleys of the Sawtooth Range and eastward 
from those of the Lewis and Clark Range. Much of the North Fork 
Valley is covered with a veneer of ground moraine through which Recent 
streams have cut steep-walled canyons and exposed the underlying bed- 
rock (Pl. 4, fig. 1). Post-Wisconsin streams also cut small but sheer- 
walled canyons in the glacial drift and subjacent bedrock in many of the 
mountain valleys (Pl. 9, fig. 2). Unfortunately, the glacial drift slumps 
and covers the floor over which the ice moved. East of the crest of the 
Sawtooth Range glacial drift is much more widespread at the head of 
and near the South Fork of Teton River. Likewise, the cirques cut in 
the crest of the range are larger than those father south. These facts 
indicate that larger glaciers existed in the Teton than in the Deep Creek 
drainage and partly explain the fact that the terminal moraine of the 
Teton glacier (Calhoun, 1906, p. 17) extends more than 4 miles in front 
of the mountains whereas that of the Deep Creek glacier extends only 
2 miles (Alden, 1932, p. 120). 

In the central part of the Sawtooth Range evidence was not seen which 
would indicate more than one stage of glaciation. The perched diorite 
erratics (Deiss, 1942, Pl. 2, fig. 2), so numerous in the southern part of 
the mountains, also are absent. The much higher crest of the range north 
of Deep Creek probably prevented the eastward movement of ice from 
the Lewis and Clark Range where the only igneous rocks west of and in 
the central part of the Sawtooth Range are exposed. Calhoun (1906, 
p. 16-17) noted the absence of diorite in the terminal moraines of the 
Deep Creek and Teton River glaciers in front of the mountains. 

Fluvioglacial sands and gravels may have been laid down in some of the 
valleys such as the upper-middle part of South Fork of Deep Creek, and 
the South and Middle Forks of Teton River. If they were deposited 
they have not been recognized and may have been mapped with the Recent 
alluvium. 

Glacial deposits rest on all the older bedrock formations in the moun- 
tains but do not blanket them from view except in some of the valleys 
and in relatively narrow bands on the higher ridges and peaks. 
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RECENT DEPOSITS 


Recent alluvium is not widespread in the Sawtooth Range. Recent 
streams have deposited gravel, sand, and mud on some of the valley 
floors where the velocity was checked temporarily as the streams encoun- 
tered resistant strata or were dammed by glacial drift or by beaver. 
The alluvium in the upper-middle part of the valley of South Fork of 
Deep Creek apparently resulted from temporary base-leveling of that 
part of the stream by the slice of Hannan limestone west of Rain Creek 
(Fig. 2). The flood plains in the lower part of the forks of Teton River 
may have been formed when the streams were retarded as they cut 
through the Hannan limestone in the Teton anticline. However, the 
alluvium in the valleys of the South and Middle Forks may have been 
deposited when the streams were impounded behind the terminal moraines 
of the Teton glacier near the mountain front. 

In many of the mountain valleys Recent silts have been caught in the 
numerous beaver ponds which dot the valleys. Beaver are responsible 
for most of the alluvium in the middle and upper parts of Hannan, Black- 
tail, Mortimer, and Green gulches and have produced alluvial flats and 
large, nearly filled swamps in Biggs Creek and at various places along 
the east side of the valley of the North Fork of Sun River; in fact, filling 
of beaver dams may account for most of the alluvium which collected 
as graded flat planes in the valley bottoms since the retreat of the 
Wisconsin alpine glaciers. Beaver are plentiful in the mountains and 
may have been numerous during many thousands of years in this region 
as they seem to have been in northeastern United States (Ruedemann 
and Schoonmaker, 1938, p. 523-525). 

The streams in most parts of the mountains today are cutting downward 
rapidly and are producing narrow steep-walled canyons in the valley 
floors. In such places the bedrock, glacial drift, and post-Pliocene allu- 
vium are being eroded, carried eastward, and redeposited along the river 
valleys which cross the plains. 


STRUCTURAI, PROVINCES IN CENTRAL PART OF SAWTOOTH RANGE 


Three regions or provinces characterized by different types of geologic 
structure are recognized in the central part of the Sawtooth Range (Fig. 
2). For convenience in discussing the tectonic problems of the area, the 
three provinces are referred to as the eastern, central, and western struc- 
tural provinees. The eastern structural province is characterized mainly 
by a series of en echelon, high-angle to moderately low-angle, westward- 
dipping thrusts, which extend through its central and western parts and 
are especially numerous and closely spaced in the northern part. The 
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Ficure 3.—Structure sections across eastern structural province 

Kk = Kootenai formation, Je = Ellis formation, Ch = Hannan limestone, 
D = Devonian (formation unnamed), €d = Devils Glen dolomite, €ls = Cambrian 
limestones undifferentiated, €fg = Flathead sandstone and Gordon shale combined, 
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northeastern part of this province is characterized by gently folded beds 
above a thrust sole. The central structural province is characterized by 
intense imbrication confined largely to the Hannan and Devonian rocks, 
and by drag-folding against the high-angle thrusts. The western struc- 
tural province is characterized by folded low-angle overthrusts, and by 
large open folds. 

The central province is separated from the eastern province by a con- 
tinuous fault, or fault zone, along which Mississippian, Devonian, and, 
locally, Cambrian rocks were folded and thrust over the Kootenai or 
Colorado formations. The western province is separated sharply from 
the central province by a fault zone west of which the rocks are folded 
complexly and are thrust eastward over the Kootenai and, locally, Colo- 
rado formations. The southern extension of the western province just 
north and south of Sun River (PI. 8, fig. 1) is the area in the south- 
western part of the Saypo quadrangle referred to as the “Eastern belt 
of folding” (Deiss, 1943, p. 252). 


EASTERN STRUCTURAL PROVINCE 
STRUCTURE ALONG MOUNTAIN FRONT 


General conditions.—The front of the Sawtooth Range is the east part 
of the eastern structural province and consists of a number of moderately 
high-angle thrust faults which strike North to N. 28° W. The faults are 
arranged en echelon so that the southern end of each successive thrust 
begins east of the preceding thrust. The mountain front is formed of 
Hannan limestone, which was shoved eastward along the thrusts and rode 
up over the Kootenai and Colorado rocks (PI. 4, fig. 2). South of the 
South Fork of Deep Creek, the Hannan and overlying Ellis and Koote- 
nai strata above the thrusts are nearly horizontal or dip gently west 
(Fig. 3, D-D’, east part of section). At the South Fork of Deep Creek, 
and generally to the north also, the Hannan limestone along the east front 
of the range dips to the east and is dragged into an anticline (Fig. 3, C-C’, 
east part of section) above the thrust surface. Locally the anticline is 
nearly closed and is overturned (Stebinger, 1918, Pl. 24). 


Teton anticline—The only place in which the front of the Sawtooth 
Range is not sheer-walled, and also is not marked by a thrust fault, is 
between the forks of, and 3 miles north of, the Teton River. The mountain 
front in this area is formed of Hannan limestone which was drag-folded 
into two open anticlines separated by an open syncline. Stebinger (1918, 
P]. 24) called the anticlinorium thus produced the Teton anticline (Fig. 2) 
and indicated in his structure section (Stebinger, 1918, Pl. 24, section 
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along line B-B’) that the Hannan limestone was dragged along a fault 
that lies to the east and is covered with glacial drift. 


Structure near Ear Mountain.—The geologic structure at and near Ear 
Mountain (Fig. 3, B-B’, east part of section) is a combination of low- 
angle thrusting and folding of the Devonian and Hannan limestones above 
the thrusts and of intense crumpling of the incompetent shales and sand- 
stones of the Kootenai below the thrusts (PI. 5, fig. 1). 

The thrust fault which forms the sole at Ear Mountain dips more gently 
than any others observed in the eastern structural province (Fig. 3, B-B’, 
east part of section), and its eastern extension, now eroded, may have 
dipped east. The Hannan limestone above the lower thrust ‘also dips 
gently east. When movement took place, the Hannan and upper part 
of the underlying Devonian limestone were broken by two nearly parallel 
thrusts and were shoved east over the Kootenai. Erosion cut the deep 
valley of the South Fork of Willow Creek which heads west of Ear Moun- 
tain where both faults are exposed. Consequently Ear Mountain is almost 
an erosion remnant or klippe of Hannan and Devonian limestones resting 
on intensely deformed shale and sandstone of the Kootenai (PI. 5, fig. 1). 


STRUCTURE WEST OF MOUNTAIN FRONT 


General statement.—The belt between the thrust slices along the eastern 
front of the Sawtooth Range and the western edge of the eastern struc- 
ural province averages 4 miles in width. The length of the belt is 
unknown, but it has been mapped 30 miles, from the south edge of the 
Saypo quadrangle, northward to the crest of the ridge north of the Middle 
Fork of Teton River (Fig. 2). The belt extends an unknown distance 
north of the Middle Fork of the Teton River. The boundary between the 
eastern and central structural provinces is marked by the thrust which 
extends northward up the west side of Mortimer Gulch, across the West 
Fork and up Blacktail Gulch to Deep Creek and up the west side of 
Erosion Creek; N. 10° W. across the head of the North Fork of Deep 
Creek; and 114 to 214 miles east of Rocky Mountain, Twin Peak, and 
Teton Peak. The boundary extends northward along the west side of the 
North Fork of Teton River, somewhere east of Mount Wright (Fig. 2). 
The structure within this narrow elongate area is composed of a series 
of high-angle thrusts which strike North to N. 5° E. south of the South 
Fork of Deep Creek and strike North to N. 18° W. north of Deep Creek. 


Structure south of Deep Creek.—Between the Sun River and the South 
Fork of Deep Creek the thrusts are so widely spaced that only four major 
ones occur between Wagner Basin and Mortimer Gulch (Fig. 3, D-D’). 
This area contains the simplest structure in the Sawtooth Range, being 
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Ficure 1. HicH-ANGLE Turust on Nortu Sipe or Canyon oF Fork or Deep CREEK 
Kk =Kootenai formation, Je =Ellis formation, Ch =Hannan limestone. 


Ficure 2. Lone Straicut Norta-SoutH VALLEY oF Stim GuLCH 
Pd =Wisconsin drift, Ke =Colorado shale, Kk =Kootenai formation, Je =Ellis formation, Ch = 
Hannan limestone. 
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a series of four high-angle faults along which limestones of the Hannan 
were thrust upon shales and sandstones of the Kootenai. The thrust on 
the west side of Wagner Basin is the only one that brings up Devonian 
rocks. The next thrust dies out northward in the mouth of Hannan 
Gulch and, therefore, does not appear in section D-D’ (Fig. 3). The 
middle and western thrusts brought up the Hannan limestone on the 
west side of Hannan and Blacktail gulches. The thrust which threw 
Devonian on Kootenai on the west side of Mortimer Gulch is the eastern- 
most thrust of the central structural province. In this way four fault 
slices were formed, each consisting of a basal plate (except the Devonian 
limestone in part of the east thrust) of Hannan limestone overlain by 
Ellis and, at the top, part of the Kootenai formation. Near the surface 
the faults and the strata dip 35° to 70° W. (PI. 6, fig. 1) but decrease 
rapidly in dip as they descend. 


Structure north of Deep Creek.—From the vicinity of the forks of Deep 
Creek the number of thrusts increases northward until on Lonesome Ridge 
(Fig. 2) near the north edge of the map area nine major thrusts and five 
or six minor ones occur in a distance of 4 miles (Fig. 3, A-A’). As the 
number of thrusts increases and they are more closely spaced, the thickness 
of the individual thrust slices decreases, and the faults are confined to 
the Mississippian and Devonian limestones. This condition reaches its 
maximum development on Lonesome Ridge, the eastern 214 miles of 
which is formed of seven slices of Hannan and Devonian limestones. Only 
in three of the slices is even a thin part of the Ellis involved in the thrust- 
ing (Fig. 3, A-A’). 

Because the number of slices increases northward, and because the 
soft sandstones and shales of the Kootenai and Ellis are eliminated or 
reduced in each slice, the long straight open north-south valleys (PI. 6, 
fig. 2) typical of the southern part of the Sawtooth Range disappear north 
of the South Fork of Teton River, where they are replaced by east-west 
serrated ridges of Devonian and Hannan limestones. 


CENTRAL STRUCTURAL PROVINCE 
GENERAL STATEMENT 


The central structural province is characterized by intense imbrication 
combined with drag-folding. This province is the narrowest of the three 
in the central part of the Sawtooth Range and contains the highest peaks 
in the range (PI. 1, fig. 1; Pl. 7, fig. 1). The east edge of the province 
is marked by buff-weathering limestone of the Devonian which was 
dragged into open and overturned folds along the thrust which shoved the 
Devonian over the Cretaceous and locally over the Hannan. The widest 
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Ficure 4.—Structuve sections across central structural province 
Kk = Kootenai formation, Je = Ellis formation, Ch = Hannan limestone, 
D = Devonian (formation unnamed), €d = Devils Glen dolomite, €ls = Cambrian 
limestones undifferentiated, €fg — Flathead sandstone and Gordon shale combined, 
Ba — Ahorn quartzite, Bh = Hoadley formation. 
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part of the central province is on the northeast ridge of, and includes, 
Twin Peak. The narrowest part of the province north of Sun River is 
between Mortimer and Big George gulches. The central structural prov- 
ince extends from the head of Mortimer Gulch northward 17 miles to 
Teton Peak and probably continues north into the Heart Butte quad- 


rangle. 
IMBRICATION NEAR ROCKY MOUNTAIN AND TWIN PEAK 


High-angle thrusts are so closely spaced between Rocky Mountain 
(Fig. 4, C-C’) and the South Fork of Teton River that most of them are 
confined to the Hannan limestone. In this section the Hannan was broken 
by high-angle thrusts which flatten downward and merge with a common 
sole (Cadwell, 1888, p. 347-348) or soles, on which the imbricated slices 
of Hannan limestone rode eastward over the Kootenai. The black-and- 
tan lower limestone unit in many places was thrust up on the white- 
weathering upper dolomite of the Hannan (PI. 1, fig. 2). At the same 
time, the less competent beds were mashed and dragged into broken 
overturned folds on the upthrown sides of the faults. Locally on Rocky 
Mountain and northward, the thrusting was so intense that “splinters” of 
Hannan limestone, 10 to 200 feet thick, developed along minor high- 
angle thrusts. A few of the lower beds of the Ellis formation were often 
caught in the fault slices and, wherever exposed, the lower soft shales of 
the Ellis seem to have acted as a lubricant on top of the massive dolomite 
of the Hannan. 

As a result of the close spacing of the high-angle faults, the Hannan 
limestone forms nearly all the northern part of the central structural 
province. The ability of the Hannan limestone to resist weathering and 
the piling up in one place of a great mass of this limestone account for 
the greater height and ruggedness of the peaks (PI. 1, fig. 1) and the 
position of the crest of the Sawtooth Range (Fig. 6, B-B’, central part 
of section). The area of intense imbrication on the crest of the range 
is sharply demarcated from the region of folding to the north by the 
head of the Middle Fork of Teton River, and by the much higher moun- 
tains in the imbricated zone. 

FOLDS IN RELATION TO HIGH-ANGLE THRUSTS 

General considerations—Southeast of Rocky Mountain, and south and 
east of Twin Peak (Fig. 4, B-B’), the limestone and shale of the Devonian 
are dragged into overturned anticlines on the upthrown side of the faults 
(Pl. 7, fig. 1). On the east spurs of Twin Peak, the Hannan limestone 
also is folded into anticlines and synclines which locally are faulted on 
the crest and contain many minor drag-folds. 
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Structure east of Teton Peak.—East and southeast of Teton Peak 
(Fig. 2) the thrusts are more widely spaced (Fig. 4, A-A’), have a larger 
displacement, and involve Cambrian, Devonian, and Mississippian rocks, 
As the faults become larger, the closely packed imbrication gives way to 
folding. The resultant structure of the north part of the central province 
at Teton Peak is a series of three slices composed of Cambrian to Missis- 
sippian strata. The beds were folded as they were dragged against the 
underlying slices along the fault surfaces (Pl. 7, fig. 2). Thus, in the 
northern part of the central province, folding and faulting are more nearly 
of equal importance. 


WESTERN STRUCTURAL PROVINCE 
LOCATION 


The western structural province includes the west-central part of the 
Sawtooth Range north of Sun River to beyond Route Creek (Fig. 2). 
The province has been mapped from its south end to Route Creek, a dis- 
tance of 25 miles. The western province averages 21% miles in width but 
narrows to 134 miles at the head of Circle Creek and to approximately 14% 
miles at the Sun River (PI. 8, fig. 1). The east edge of the province is 
marked by a fault that extends nearly due north along the west side of 
Big George Gulch, and across the head of the West Fork of Blacktail 
Gulch, and along the west side of the South Fork of Deep Creek; from 
there it extends N. 15° to 20° W. across the upper parts of Biggs, Head- 
quarters, Ray, and Route creeks (Fig. 2). The western province continues 
north of Route Creek an unknown distance toward (probably into) the 
Heart Butte quadrangle. Most of the eastern edge of the western struc- 
tural province is marked by open and overturned folds where the rocks 
were dragged against the fault along which Cambrian to Mississippian 
beds were thrust eastward over Kootenai or Colorado. The west edge of 
the western province consists of the Hannan limestone which forms the 
west side of the central part of the Sawtooth Range (Fig. 2). 

The western province contains the most complex structures yet mapped 
in the Sawtooth Range. In the northern part of the province, the structure 
is so complex that it must be explained by two periods or stages of defor- 
mation. The structure of the western province may be characterized best 
as a series of low-angle thrusts and open to closed and overturned folds 
which affected Cambrian to Mississippian rocks. 


STRUCTURE SOUTH OF CIRCLE CREEK 


The area just south of Circle Creek contains the simplest geologic 
structures in the western province. Steamboat and locally Pagoda lime- 
stone was thrust over the Kootenai along a moderately high-angle west- 
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Ficure 1. Norra To Rocky Mountain SHOWING SLICES OF HANNAN LIMESTONE AND OVERTURNED 
ANTICLINE IN DEVONIAN AND Lower HANNAN LIMESTONES 
Ch =Hannan limestone, D = Devonian limestone (formation unnamed). 


Ficure2. Fouips1n Devits GLEN DotomitTe AND HANNAN LIMESTONE SOUTHEAST OF TETON PEAK 
Kk =Kootenai formation, Ch =Hannan limestone, D =Devonian limestone (formation unnamed), 
ed =Devils Glen dolomite, els = Cambrian limestones. 
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Ficure 1. Sourn ENp oF WESTERN PROVINCE AT BiG GEORGE GULCH 
Kk =Kootenai formation, Je =Ellis formation, Ch =Hannan limestone, D =Devonian limestone 
(formation unnamed), €d =Devils Glen dolomite, €ls =Cambrian limestones. 


Ficure 2. Looxinc Nort Across Grouse CREEK, SHOWING BEARTOP ANTICLINE AND GROUSE 
CreEEK SYNCLINE 
Ch =Hannan limestone, D = Devonian limestone (formation unnamed). 
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ward-dipping fault at the east edge of the province on the west side of 
Big George Gulch. The Cambrian limestone and overlying Switchback 
shale were dragged into an overturned anticline. Within the anticline the 
soft incompetent shales and limestones were thrown into overturned folds 
and much sheared, but the secondary folding did not affect the more com- 
petent Devils Glen and younger formations. When the thrusting and 
folding occurred, the Devils Glen, Devonian, and Hannan formations un- 
doubtedly were folded against the fault as part of the major anticline, 
but they were subsequently removed by erosion. The Devonian and 
Mississippian strata strike N. 10° W. and dip 55° to 58° W. on the west 
limb of the truncated fold which forms the west side of the province. 


FOLDS AND THRUSTS NORTH OF CABIN CREEK 


General considerations.—North of Cabin Creek (Fig. 2), the folding in 
the western province is much more pronounced than it is farther south 
(Fig. 5, C-C’, east part of section). The Cambrian rocks exposed in the 
nose of the overturned anticline, described from the area south of Circle 
Creek, is exposed north of Cabin Creek and shows that the axis plunges 
gently southward. At Cabin Creek the west limb of the fold, formed of 
Devonian limestone, is broken by a high-angle thrust which threw Devils 
Glen dolomite on Devonian limestone (PI. 5, fig. 2). North of Cabin 
Creek the fault dies out and closely parallels the axis of the fold which 
continues northward to the ridge between Headquarters and Ray creeks. 
This fold is named the Beartop anticline and is described under that 
heading. 

The east limb of the anticline just north of Cabin Creek is also the west 
limb of a syncline in Steamboat to Hannan limestones. On the ridge be- 
tween the heads of Cabin and Grouse creeks, several hundred feet of the 
lower part of the Hannan limestone marks the center of the syncline (PI. 
5, fig. 2). This syncline continues northward more than 11 miles to the 
ridge between Headquarters and Ray creeks and parallels the Beartop 
anticline throughout. This fold is named the Grouse Creek syncline, and 
north of Cabin Creek it plunges gently northward to Grouse Creek (PI. 
8, fig. 2). 

The east limb of the Grouse Creek syncline north of Cabin Creek is the 
west limb of a slightly overturned anticline, which is locally squeezed and 
faulted along its crest, so that southeast of the head of Grouse Creek the 
Switchback and Steamboat formations are pinched out and the Devils 
Glen lies against Devils Glen (Fig. 5, C-C’, east part of section). Just 
north of the heac: of Cabin Creek a high-angle thrust threw Devils Glen 
dolomite on limestones of the Devonian which are intensely folded and 
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Ficure 5.—Structure sections across western structure province 

Kk = Kootenai formation, Je = Ellis formation, Ch = Hannan limestone, D = Devonian 
(formation unnamed), €d = Devils Glen dolomite, €ls = Cambrian limestones undifferentiated, 
€fg = Flathead sandstone and Gordon shale combined, Ba = Ahorn quartzite, Bh = Hoadley 
formation, cross-hatched pattern = sill of diorite. 
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mashed and are in turn thrust eastward over Colorado shale at the head 
of the South Fork of Deep Creek. The stratigraphic and structural rela- 
tionships observable in the area strongly suggest that the Cambrian to 
Mississippian beds were folded into a series of two anticlines separated 
by a syncline at the time the folded mass was shoved east along 
an overthrust. As deformation continued, the beds broke to form minor 
high-angle thrusts along the crest of the southern part of the Beartop 
anticline, and just east of the crest of the eastern anticline. At the same 
time, the Devonian and soft Cambrian beds were dragged and sheared 
along the thrusts and between the competent massive limestones. After 
deformation ceased, erosion removed the Hannan, Devonian, Devils Glen, 
and Switchback from the crest of the eastern overturned and faulted anti- 
cline so that now the structure appears as a smashed mass of Devils Glen 
dolomite thrust over a separate slice of Devonian (Fig. 5, C-C’). 

On the east side of the 8300-foot peak at the head of Grouse Creek 
(Fig. 2), the Devonian limestone east of the Devils Glen dolomite was 
folded. The folding occurred when the rocks were thrust eastward over 
the Colorado shale and consists of a large recumbent syncline and two 
anticlines separated by a smaller syncline. 

Deformation during the Laramide Revolution produced increasingly 
complex geologic structures northward in the western structural province. 
The rocks between Biggs and Route creeks are more deformed and broken 
than they are farther south. Not only are the folds more numerous and 
secondarily flexured, but some of the faults are low-angle overthrusts, and 
these also were folded. The structures, therefore, are the most complex 
and difficult of interpretation thus far seen in the Sawtooth Range (Fig. 
5, A-A’). 


Beartop anticline —The west side of the Sawtooth Range from Grouse 
Creek northward to the ridge north of Headquarters Creek is formed by 
the west side of a large anticline of Hannan limestone. The crest of the 
anticline lies just east of the crest of Beartop Lookout (B.M. 8090), for 
which the anticline is named (PI. 8, fig. 2). Between Biggs and Head- 
quarters creeks, the anticline is formed of Hannan limestone at the sur- 
face of the earth, but north of Headquarters and south of Biggs Creek the 
upper limestones and shales of the Devonian are exposed. The crest of 
the Beartop anticline is very sharp throughout its northern part and be- 
tween Headquarters and Biggs creeks is broken by a high-angle thrust of 
small displacement (PI. 9, fig. 1). The Beartop anticline, more than 9 
miles long, is the major geologic structure on the west side of the central 
part of the Sawtooth Range. Measured from the Ellis-Hannan contact 
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at the west side of the fold to the axis of the Grouse Creek syncline on 
the east, the Beartop anticline averages almost 0.7 mile in width. The 
west limb ranges in dip from 36° near the crest to 71° W. at the Ellis- 
Hannan contact. The east limb of the anticline at Beartop and south to 
Biggs Creek (PI. 9, fig. 1) is much steeper, the beds dipping from 70° to 
80° E. 

Grouse Creek syncline—The Grouse Creek syncline lies east of the 
Beartop anticline, and its northern end also lies on the ridge north of 
Headquarters Creek. From Grouse Creek to the northern end of the syn- 
cline, the youngest beds exposed in the trough of the fold are Hannan 
limestones (PI. 8, fig. 2). On the ridge three-fourths of a mile southeast 
of Beartop, the Ellis formation is complete, and the center of the syncline 
is marked by the lower sandstones and shales of the Kootenai. The dip 
of the beds varies widely at different places along the fold. The Grouse 
Creek syncline is open and probably is upright throughout most of its 
length, but on the ridge southeast of Beartop the syncline is overturned 
sharply to the east. 

On the east limb of the syncline a complete section of the Devonian 
rocks and Devils Glen dolomite are exposed. Locally, as just north of 
Biggs Creek, the Switchback shale and upper part of the Steamboat lime- 
stone also are exposed. The east limb is cut off by a high-angle thrust 
which threw Steamboat, Switchback, or Devils Glen on Devonian (Fig. 
5, B-B’). East of this thrust, the younger Middle Cambrian formations 
and part of the Devonian rocks are folded into closed synclines and anti- 
clines broken by small high-angle thrusts, and the entire mass is thrust 
eastward over Hannan limestone or over the Kootenai or Colorado. 


Folded low-angle overthrusts—Between Ray and Route creeks, and 
also in Biggs Creek (Fig. 2), occur the shallowest and most complex struc- 
tures in the western province (Fig. 5, A-A’). Two low-angle overthrusts 
were formed at two different periods or phases of the Laramide orogeny. 
Along the first or older overthrust, a plate of Hannan limestone and the 
overlying Ellis and Kootenai formations was shoved eastward over Koote- 
nai and Ellis. The original dip of this thrust is unknown, but it must have 
been low. Shales, limestones, and sandstones of the Kootenai and Ellis 
were dragged into a series of folds when the thrusting occurred, or else 
these Mesozoic rocks were folded beneath the more competent thrust 
plate of Hannan limestone when it and the overthrust were folded. 

The stress which produced the second low-angle fault thrust limestone 
of the Devonian and Cambrian eastward over the plate of Hannan lime- 
stone which had ridden eastward on the first thrust. The two low-angle 
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Ficure 1. Berartop ANTICLINE 
Looking south from Beartop Lookout. Only Hannan limestone shown. 


Ficure 2. Post-PLe1stoCcENE CANYON IN Lower Part oF SLIM Guicu 
Pd =Wisconsin glacial drift, Je =Ellis formation, Ch =Hannan limestone. 


BEARTOP ANTICLINE AND POST-PLEISTOCENE CANYON IN SLIM GULCH 
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thrust surfaces probably are subparallel throughout much of their length 
(Fig. 5, A-A’). : 

The cause or the mechanism that produced the folded thrusts in the 
western province is not yet understood because sufficient field data are not 
available. It seems reasonably clear, however, that these thrusts and the 
other structures in the central part of the Sawtooth Range had a different 
origin from those in the foothills of west-central Alberta recently described 
by Hake, et al. (1942, p. 301-333). The faults and drag-folds in Alberta 
occur solely in incompetent Mesozoic rocks and are attributed to excessive 
shortening in the incompetent younger strata on the gentler limb of an 
asymmetric syncline as a result of the growth of a competent asymmetric 
contiguous anticline on the west. In the Sawtooth Range, however, more 
of the competent Paleozoic than the incompetent Mesozoic rocks are in- 
volved in the faulting, and a large anticline is not developed in the area 
west of the folded faults. 


Structures above the low-angle overthrusts—The Devonian limestones 
above the second low-angle overthrust were dragged into a number of 
anticlines and synclines, and on the ridge south, and also probably north, 
of Ray Creek were underthrust beneath the overlying Hannan limestone. 
The Hannan limestone east of the underthust Devonian was bent into an 
open syncline and shoved eastward over the Kootenai along the thrust 
fault which forms the boundary between the west and central structural 
provinces. 

North of Ray Creek, the Devils Glen dolomite and overlying basal 
Devonian shale and shaly limestone were broken by three high-angle 
thrusts that rode eastward on a sole which dips west and merges with the 
younger folded low-angle overthrust (Fig. 5, A-A’). The parallelism of 
the folded low-angle thrusts suggests that the thrusts were folded after 
both of them were completed. Probably the thrusts were folded during 
the final stresses of the Laramide orogeny immediately following the 
thrusting, but they may have been folded much later during the Pliocene 
uplift of the region, as was the Bannock overthrust in Idaho (Mansfield, 
1927, p. 203). 

The deep canyon of Ray Creek is cut through the entire structure down 
to the folded Ellis and Kootenai below the first or lower folded overthrust. 
Thus the canyon exposes two concentric windows in the faults. Within the 
inner window the Ellis and Kootenai are exposed, and within the outer 
window the older or first thrust plate of Hannan limestone is exposed. 
Higher on the north wall of the canyon, the three high-angle thrusts are 
completely exposed as is also the junction of the sole, from which they 
arise, with the younger low-angle overthrust. 
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SUMMARY OF GEOLOGIC STRUCTURE IN CENTRAL PART OF 
SAWTOOTH RANGE 


The central part of the Sawtooth Range is divisible into three structural 
provinces which are separated by pronounced faults and characterized by 
distinct types of deformation. These provinces are the result of the dis- 
tribution of the intensity of the stresses during the Laramide or Rocky 
Mountain Revolution. The intensity of the stresses apparently was 
greater in the northern and western parts of the map area and reached a 
maximum along an east-west belt between the South and Middle Forks of 
Teton River and between Route and Headquarters creeks (Fig. 6, A-A’). 

The stresses were least intense in the eastern structural province, and 
the resulting deformation is less complex than elsewhere in the southern 
and central parts of the Sawtooth Range (Fig. 6, east part of sections). 
The structure there consists of a series of five to eight high-angle west- 
ward-dipping thrust faults which broke Devonian to Cretaceous strata 
into a series of imbricated blocks in which the beds were tilted west and, 
near the mountain front, gently or tightly folded. Faults are the dominant 
structures in the eastern province, the only folds present being local and 
incidental to the faults. The faults strike N. 5° to 15° E. in the southern 
part and due North to N. 15° W. in the northern part of the map area, 
and are bowed slightly northeast, the inside of the bow being upthrown. 
Throughout most of their length the movement on the faults apparently 
was dip-slip. The strike of the faults parallels the strike of the strata. The 
fault surfaces dip 35° to 70° at the earth’s surface but probably flatten 
rapidly with depth. The eastern thrusts along the mountain front seem 
to dip less steeply than those farther west in the eastern structural pro- 
vince (Fig. 6, east part of sections). 

The stresses in the north part of the central structural province resulted 
in much more intense deformation than in the southern part of the 
province. As in the eastern province, the high-angle thrusts in the south- 
ern part of the central province are fewer than farther northward, and the 
rocks were not drag-folded. The most intense high-angle thrusting and 
diag-folding in the central part of the Sawtooth Range occurred in the 
northern part of the central province (Fig. 6, A-A’, central part of section). 
Along the crest of the range between the heads of Biggs Creek and the 
Middle Fork of Teton River, the high-angle faulting is largely confined 
to the Hannan limestone which locally was splintered by minor thrusts, 
the splinters or wedges being 10 to several hundred feet thick. Because 
the Hannan and underlying Devonian limestones were mashed and folded 
during the movement, faults and minor drag-folds are of more nearly equal 
importance in the northern part of the central structural province (PI. 
7, figs. 1, 2). 
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The western structural province contains more diversified types of 
geologic structure than either the central or eastern provinces. As in the 
other two, however, the stresses were most intense in the northern part 
and produced the most complex deformation in the range. Even in the 
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Ficure 6.—Structure sections across central part of Sawtooth Range 


Kk = Kootenai formation, Je = Ellis formation, Ch = Hannan limestone, D = Devonian (forma- 
tion unnamed), €d = Devils Glen dolomite, €ls = Cambrian limestones undifferentiated, €fg = Flathead 
sandstone and Gordon shale combined, Ba = Ahorn quartzite, Bh == Hoadley formation, cross-hatched 
pattern = sill of diorite. 


southern part of the western province the rocks were much more deformed 
than in the southern part of the central and eastern provinces. In con- 
trast with the other provinces, the western province is characterized by 
open and closed folding of the strata above low-angle instead of high- 
angle overthrusts. Although the rocks are broken by high-angle thrusts 
along the eastern side of the province, the only imbricate structure ob- 
served in the province occurs between Route and Ray creeks (Fig. 5, A-A’, 
central part of section). 


West East 
9000'}— 
Ridge north of Cabin Creek Cres! of range Creek Deep Creek aoe 
9000) — 90001 
y 4 Je 
= 5 £t9 
Seo Level 
| 
3 
: 


1162 CHARLES DEISS—STRUCTURE OF SAWTOOTH RANGE, MONTANA 


In addition to the large open folds, such as the Beartop anticline and 
the Grouse Creek syncline (PI. 5, fig. 2; Pl. 9, fig. 1), two other structures 
are known in the Sawtooth Range from the western province only: folded 
low-angle overthrusts, and an underthrust north of Headquarters Creek 
(Fig. 5, A-A’). 

In summary, the geologic structures in the central part of the Sawtooth 
Range may be tabulated in order of their abundance: 

(1) High-angle dip-slip strike faults are the most prominent and im- 
portant phenomenon in the range. These faults probably all decrease in 
dip as they descend, and merge with one or more soles along which the 
imbricated fault blocks rode eastward (Fig. 6, all sections). The low- 
angle thrusts exposed along the mountain front seem to be the eastern end 
of the soles. 

(2) Open, closed, upright, and recumbent drag-folds (PI. 7, figs. 1, 2) 
occur in the northern and western parts of the map area in the Sawtooth 
Range (Fig. 6, A-A’ and B-B’, west part of sections). In many places the 
crests of the folds were broken by small thrusts, and in others the rocks 
were mashed. The confining pressure, however, was not great enough to 
metamorphose the sediments. The absence of regional metamorphism in 
an area in which great lateral movement occurred strongly supports the 
conclusion that the rocks were deformed only in a shallow layer. 

(3) Open folds, formed independently of drag along faults, were pro- 
duced in the western third of the central part of the Sawtooth Range (PI. 
8, fig. 2). These large folds locally were broken along the crest and also 
exhibit secondary flexures. 

(4) Folded low-angle overthrusts occur in the northern part of the 
western structural province and indicate that the Laramide orogeny con- 
sisted of two pulses or phases in the central part of the Sawtooth Range. 
The thrusts at Ear Mountain (PI. 5, fig. 1) may have been folded, but the 
evidence is not clear. 

(5) The only underthrust in the area is of doubtful significance, because 
it is nearly vertical (Fig. 5, A-A’, east part of section). This fault is near 
the eastern edge of the western province, and along it the upper shales and 
limestones of the Devonian were mashed, folded, and thrust under a syn- 
clinal fold of Hannan limestone which in turn rode east upon the Kootenai 
formation along a high-angle thrust. 


PRE-PLEISTOCENE. HISTORY OF SAWTOOTH RANGE 
GENERAL CONSIDERATIONS 


All the geologic structures in the Sawtooth Range seem to have been 
formed during the Laramide Revolution which probably took place some 
time between the cessation of deposition of the St. Mary River formation 
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(Upper Cretaceous) and before the end of the Eocene (Alden, 1932, p. 
7-8). At the beginning of the Oligocene the streams east of the mountains 
were established on the Cypress Plain (Alden, 1932, p. 4) and at their 
heads were cutting westward into the mountains. The peaks in the 
Sawtooth Range as well as those in the Lewis and Clark Range to the 
west exhibit an accordance of summit level which suggests that the moun- 
tains were at least partly peneplained during the Oligocene, Miocene, and 
early part of the Pliocene. Another factor which strongly indicates 
mature erosion of the Sawtooth Range is the position of the largest streams 
which, in the range, flow eastward directly across the strike of the ridges 
and form deep canyons in the limestones. How nearly base-leveled the 
range was is unknown, but that the main streams originally must have 
been established on a plain seems inescapable. 

LATE TERTIARY UPLIFT 

Late in the Pliocene or possibly early in the Pleistocene (Alden, 1932, 
p. 81), the entire area of the northern Rocky Mountains was elevated 
bodily, possibly several thousand feet. As the mountains rose, the main 
streams were able to maintain their courses on the plain then at its most 
mature stage. The absence of deformation in the Sawtooth Range since 
the Laramide Revolution, except possibly the flexuring of the low-angle 
overthrust fault surfaces, indicates that the Pliocene rejuvenation of the 
northern Rocky Mountains was an epeirogenic movement. Apparently, 
the region now occupied by the Sawtooth, Lewis and Clark, and Flathead 
ranges, and by the Northern Great Plains east of the mountains was 
elevated bodily but differentially, the western part which contains the 
mountains, probably being raised more than the Plains. Whether or not 
the uplift consisted of one or of several movements is unknown. The fact 
that the main eastward-flowing streams were able to maintain their courses 
indicates that the uplift was slow and of long duration. 

The old Eocene mountains undoubtedly were not completely base- 
leveled by late Pilocene time but were degraded maturely. The area now 
occupied by the Sawtooth Range probably was a series of low rolling ridges 
whose rounded crests were formed of Hannan limestone. Local peaks 
must have stood above the mean level of the region and, then as now, 
probably were near the crest of the range. Rocky Mountain, Twin Peak, 
Mount Wright, and others of the higher peaks today may well represent 
remnants of old peaks which early in the Pliocene stood 500 to 1100 feet 
above the partly completed but rolling plain. 


QUATERNARY HISTORY OF SAWTOOTH RANGE 


As the Northern Rocky Mountains in Montana were re-elevated at the 
end of the Tertiary, the streams began to cut downward. Probably the 


| | 
i 
> 


1164 CHARLES DEISS—STRUCTURE OF SAWTOOTH RANGE, MONTANA 


tributaries of the main east-west trending streams in the Sawtooth Range 
were established in their present positions, being controlled then as now 
by the geologic structure of the mountains. When the region was elevated 
the rejuvenated streams were accelerated and began to cut downward and 
headward. North and south of the Sun River the tributary streams must 
have rapidly removed large volumes of the soft shales and sandstone of 
the Ellis and Kootenai formations, and thereby left the more resistant 
Hannan limestone stand as high, rounded ridges between the stream 
valleys. In this way the long north-south valleys, characteristic of the 
southern part of the map area (PI. 6, fig. 2), were located and partly com- 
pleted before the Wisconsin stage of alpine glaciation began in the Saw- 
tooth Range. 

At least once, and possibly twice, during Wisconsin, ice collected in most 
of the valleys and soon began moving toward the main east-west valleys. 
The ice easily deepened the headward part of the tributary valleys, 
steepened their walls, and carved them into typical U-shaped profiles, 
Part of the debris eroded from the mountain valleys was carried east and 
deposited as terminal moraines on the plains just east of the mountain 
front (Alden, 1932, p. 120). At their heads the glaciers cut cirques on the 
peaks and thus produced much of the rugged topography exhibited by the 
Sawtooth Range. 

Near the close of the Wisconsin, when the glaciers began to melt and 
retreat up the valleys, they deposited variable thicknesses of drift in the 
form of recessional and ground moraines which blanketed the bedrock floor 
of the valleys. In some of the valleys such as Bear, Big George, and 
Rierdon gulches, the morainal material dammed the lower part of the 
valleys and forced the temporarily impounded glacial waters to spill out 
into the main streams over the Hannan limestone. 

Before the dams could be removed, the streams had cut narrow steep- 
walled canyons in the limestone, and they still flow through the Hannan 
limestone as they leave the broad upper valleys and enter the Sun and 
Teton rivers. 

Since the retreat of the Wisconsin glaciers, Recent streams, particularly 
in the tributary valleys, are cutting narrow V-shaped canyons in the 
ground moraines and underlying bedrock (PI. 9, fig. 2). Alluvium is being 
deposited in some of the valleys where the streams have been dammed by 
talus, by local harder beds, or by beaver. 

The present topography of the Sawtooth Range, therefore, is the result 
of structural control exerted on the Pleistocene and Recent streams whose 
valleys were deepened and altered by Wisconsin glaciers, which also 
sculptured the higher peaks and ridges into their present shapes. 


oe: 

+ 

j 
4 ij 

4 

; 


CONCLUSIONS 1165 


CONCLUSIONS 


The following conclusions concerning the structure of the central part 
of the Sawtooth Range may be briefly summarized. 

(1) Most, if not all, of the deformation which resulted in the geologic 
structures in the central part of the Sawtooth Range probably occurred 
during the Laramide Revolution. 

(2) The stresses acted from the west and produced much lateral move- 
ment, but the movement was confined to the outer part of the lithosphere. 
The great amount of lateral movement and the shallowness of the affected 
zone are among the most remarkable tectonic characteristics of the Saw- 
tooth Range. 

(3) The younger Middle Cambrian, Upper Devonian, Mississippian, 
Upper Jurassic, and Cretaceous formations were broken by high-angle 
thrusts, tilted westward, and locally folded (Fig. 6, all sections). 

(4) In the eastern part of the range, the strata were least affected and 
were broken only into a series of imbricated slices which rode eastward on 
a low-angle thrust sole or soles (Fig. 3, D-D’). 

(5) In the central part of the range, deformation was more intense 
than in the eastern part. The result is closer-spaced high-angle thrusts 
and narrower imbricated slices composed largely of Devonian and Hannan 
limestones, which locally were dragged into recumbent folds on the up- 
thrown sides of the thrust slices (Fig. 4, A-A’). 

(6) Deformation was greatest in the western part of the range, where 
folded low-angle overthrusts, open and closed folds, and a few high-angle 
thrusts above the folded thrusts were developed (Fig. 5, A-A’). 

(7) The southern and eastern parts of the Sawtooth Range are char- 
acterized by high-angle thrusts, and the western and northern parts of 
the range are characterizd by a combination of thrusting and flexuring 
(Fig. 6; compare all sections). 

(8) Erosion during the Tertiary probably reduced the mountains to a 
rolling surface of little relief on which were established the main streams 
which flowed east. 

(9) The late Pliocene or possibly early Pleistocene uplift was epeiro- 
genic, caused the present height of the mountains, but probably did not 
produce any new structures. 

(10) Pleistocene and Recent streams and Pleistocene glaciers carved 
the existing peaks and valleys and are responsible for the present topog- 
raphy of the Sawtooth Range. 
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ABSTRACT 


This article surveys the employment of geology in war with special reference to 
its tactical application. Approaching the subject theoretically, from a military 
rather than an academic viewpoint, the first problem examined is whether our pres- 
ent undistinguished use of geology in war results from some inapplicability inherent 
in the science itself, or whether a more rational analysis will not disclose wider fields 
of application by recognition of hitherto unsuspected correlations with the principles 
of war. After preliminary definitions of war, the principles of war, geology and 
military geology, the development of military geology is outlined to show what 
aspects have been most useful and the phase of warfare to which they are best 
adapted. This reveals that there has been but little actual tactical application of 
geology in mobile warfare or a war of maneuver, and that its employment has not 
been worked out satisfactorily in the United States Army, although it has been 
developed to some extent by the Germans. Hence in our current engagements 
geology seems not to be utilized fully because of the erroneous belief that it can- 
not be applied with sufficient rapidity to keep pace with the course of modern com- 
bat. In order to bring the soldier and the geologist into mutual understanding, 
military and scientific thought are compared and shown to follow substantially 
the same outline. Then, terrain is considered from the viewpoint of army doctrine 
and geology, and emerges as the common denominator of geology and war. With 
terrain as the connecting link geology can be correlated with the principles of war. 
When military leaders are convinced that these correlations are valid and con- 
tribute to the strength of the principles of war, more widespread applications of 
geology to war will follow, and geology will rightfully take its place among the 
“front-line” sciences. Other conclusions are that, as the principles of war are im- 
mutable, and do not vary with change of weapons or tempo of combat, it follows 
that geology can keep pace with modern war in its most fluid tactical phases. 
Geology makes its chief contribution to war through the principles of Mass (Su- 
periority) and Economy of Force, the fundamental law of war; but the principles 
of Movement (Mobility), Surprise, Security, and Simplicity are also strengthened 
through its application. The total effect of the application of geology to these 
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principles is superior information—upon which the possibility of success is prin- 
cipally dependent. Some suggestions are made regarding the geologic training 
and military qualifications of the modern military geologist. whan when all 
other things are equal, victory will come to him who makes best use of the ground, 


INTRODUCTION 


Wars have been waged since the beginning of human history—at least 
3000 years—and probably they were carried on long before that, else 
the earliest warriors of whom we have record would not have been so 
accomplished. Indeed, if the origin of war could be traced it might be 
found to stem from the moment some misbegotten predatory ape found 
that it was easier to take something from one of his companions than 
to obtain the article by some more legitimate effort. Many wars have 
been fought since that day—and for many reasons. With the passage 
of time the numbers of men engaged have become larger, and tempo 
has increased with rapidity of movement and improvement of weapons 
and communications, until societies of nations have been included within 
the sphere of destruction. This modern war, or “total war” as it is 
called nowadays, recognizes no limitations of any kind whatsoever and 
is virtually a life and death struggle in which failure to secure ultimate 
victory means total, annihilating defeat. Conflicts of this nature involve 
the entire military, economic, social, and scientific fabric of the com- 
batant nations. There can be no noncombatants. As the risk to national 
life became greater, proportionate demands were made upon the sciences 
to come to the aid of the societies that have nourished them. To their 
response is due in large part the increased tempo of modern war, and 
several of them, including chemistry, mathematics, and physics, have 
developed many truly front-line applications. Even warfare itself has 
developed a science. Nevertheless, in spite of the fact that the ultimate 
object of war today is to take and hold terrain, the contributions of 
the so-called group of earth sciences, with the exception of geophysics 
(Heiland, 1942), which presumably treat of this ground, have not been 
in proportion to its value or extent. This reluctance to make the fullest 
use possible of geology, geomorphology, and geography is by no means 
entirely due to the inability or unwillingness of the practitioners of 
these sciences. To some extent, of course, it results from unfamiliarity 
with military technique, with consequent uncertainty as to the field of 
application; and to some extent it is due to the soldiers’ inadequate 
grasp of their scope or range of application. Fuller (1926, p. 187) has 
described the dependence of the soldier upon the peace-time effort of 
the scientist, saying: “In this study (of the theatre of war) the civil 
sciences can help us, and are progressively becoming, not mere hand- 
maids of the soldier, but his closely collaborating partners. To render 
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this collaboration possible it is most necessary for the soldier to realize 
that, though he is the expert authority on the application of means, the 
scientist is the expert authority on their creation.” 

Insofar as geology alone is concerned, other reasons may be: suspicion 
of some of the fanciful speculations fostered by certain early workers 
in the field; that too much dependence is placed upon inductive or 
empirical methods; that most of the essential facts of geology are con- 
cealed from view; or, finally, because of undue emphasis on the historical 
aspect of geology. Naturally, the time sequence is one of the dominant 
ideas in geology, and it deals “so largely with past time that it is not 
popularly understood to include the present, but it certainly does include 
the present, and the future also, as fast as it arrives” (Davis, 1906, p. 


497-498). 
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DEFINITIONS 


Numerous definitions of war are available, and their essential element 
is the exercise of violence or force. From the dawn of history to the 
beginnings of the twentieth century, warfare was regarded chiefly as 
an art, emerging from a handicraft or cruder sort of art. During the 
nineteenth century, military philosophers realized eventually that “every 
form of art can and should have its theory,” and the theory of the art 
of war originated as these thinkers, among whom were Napoleon, Clause- 
witz, Jomini, and Dragomirow, sought to frame such abstract concepts 
or principles as would bring order and simplicity into an apparent chaos 
of historical observations on war. Naturally such investigations led to 
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some deliberation on a science of war, but Clausewitz (1940, Vol. I, 
p. 120), writing about 1827, finally concluded that “it is more fitting 
to say Art of War than Science of War.” This view prevailed to about 
1899 when Foch (1918, p. 12) cited approvingly the words of Drago- 
mirow, a noted Russian general and military writer: “Nobody would 
think today of claiming that there can be a science of war. That would 
be as absurd as a science of poetry, of painting, of music.” Nevertheless, 
a trend toward a science of war had been under way for some time, and 
Colonel Henderson (1905, p. 391), a brilliant English military critic, 
thought that it dated from the era of Napoleon. After World War I, 
Fuller (1926) approached the subject from a strictly scientific point of 
view and reviewed it thoroughly although tediously in his Foundations 
of the science of war. 

Military men now recognize fully both an art and a science of war. 
The science of war is the study of military history with the object of 
determining whether any principles or all-pervading laws can be estab- 
lished, or whether there is really any “best way” of fighting. According 
to the doctrine of the United States Army ' the principles of war are: 


. The Principle of the Objective. 

. The Principle of the Offensive. 

. The Principle of Mass (Superiority). 

. The Principle of Economy of Force. 

. The Principle of Movement (Mobility). 

. The Principle of Surprise. 

. The Principle of Security. 

. The Principle of Simplicity. 

. The Principle of Co-ordination (Co-operation). 


These principles are fundamental and invariable. Although they all 
need not apply to any specific situation, they are not subject to exception, 
unless, perhaps, by a master of the art of war; and some military 
theorists might argue that no battle has ever been lost without one or 
more of them being violated. Their correct application enables the 
commander to deal properly with situations not previously experienced 
and constitutes the true measure of military art. They should be of 
noteworthy interest to those who are following closely the present opera- 
tions in Africa, Asia, and Europe because their understanding affords 
a background for the appreciation of the daily military communiques 
and the too-often portentious announcements of the radio commentators. 
In this connection, however, it is well to bear in mind Fuller’s (1926, 
p. 282) comment that “With a few elementary rules and a pinch of 


1 War Department, Training Regulations No. 10-5. Dec. 23, 1921. 
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military jargon any intelligent man can become what is called a ‘stra- 
tegist’ or a ‘tactician’.” 

The brief explanation of these principles that follows is from the 
doctrine of the General Service Schools, Fort Leavenworth, and is also 
available in Mitchell’s Outlines of the world’s military history (Appendix 
B, p. 740-741). The art of war consists of testing and applying these 
principles upon the field of battle. Their applications to the preparations 
for war and the direction of war is called strategy; their applications in 
specific battles and operations is called tactics. 


1. The principle of the objective—The purpose of a military operation is the 
attainment of the objective assigned a designated force. This objective constitutes 
the guide for the interpretation of orders, for the formulation of decisions, and for 
the empolyment of the means available. The nation, its military forces, and each 
element of the latter have their objective. 

(a) The selection of national objectives depends on political, military, and eco- 
nomic conditions, which in every case will each vary in force and effect ; but the 
following general rules apply: 

(i) First, the neutralization or destruction of the power of the opposing military 
forces to give battle. This usually implies the defeat of the enemy’s main forces 
as decisively as the means available will permit. 

(ii) Second, the possession of localities which will attain the national objective, 
or contribute thereto. 

(b) The objective assigned military forces must be in consonance with the national 
objective, and the objectives of each element of a military force must be contribu- 
tory to the attainment of the objective of the force of which it forms a part. 

2. The principle of the offensive—Offensive action is the only means by which a 
decision is gained. When successful, the offensive brings victory, while the defensive 
can only avoid defeat. The only effective way to wage war is to act on the offen- 
sive for the purpose of delivering a main blow in the decisive direction. The offen- 
sive increases the effectiveness of a force adopting it, as it raises morale, permits con- 
centration of effort, and allows freedom of action. The defensive should be assumed 
only to assist offensive action elsewhere, to gain time, or to utilize advantages of 
terrain, so as to compensate for weakness. Although the offensive confers great 
advantages, these advantages can be utilized only when the means available are 
sufficient to provide reasonable chances for success. 

3. The principle of mass—The term mass as used here means combat power. 
Numbers, weapons, tactical skill, fighting ability, resolution, discipline, morale, and 
leadership all contribute to this power. Success in war is attained by the employ- 
ment of mass in a main effort at the proper time and place for the accomplishment 
of a definite purpose. 

4. The principle of economy of force—The application of the principle of 
economy of force is the means by which the mass to be employed in a main effort 
is obtained. The time and place of the main effort having been determined. men 
and means are conserved by reducing their employment in other directions to the 
minimum consistent with safety. 

5. The principle of movement—The term movement as here employed means the 
maneuver of combat elements. 

In the offensive this principle is used to bring mass to close grips with the enemy 
in order to secure decisive results or to place it where it can attack with advantage. 

In the defensive the principle is used to avoid or parry a hostile blow, or to place 
mass where it can counter-attack with advantage. 

Movement is most effective when concealed. In many situations movement is 
made possible only by the effective employment of fire. In applying this principle, 
time, distance, and the means and power of movement must be considered. 

6. The principle of surprise—Surprise in some form is essential in order to obtain 
the maximum effect with the minimum loss. It may take the form of time, place, 
pee, force, tactics, or weapons. Secrecy, rapidity, and preparation are the main 
actors. 
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7. The principle of security—Security embraces all measures taken to guard 
against observation and surprise, to insure against effective hostile interference with 
operations, and to gain and maintain the power of free action. 

8. The principle of simplicity—Simplicity is a relative term. As here used 
it means that military plans should be simple and should not provide for complicated 
movements, that orders should be direct and free from contingencies, that frequent 
changes of plan are to be avoided, and that unity of command is to be observed. 

9. The principle of cooperation—By cooperation is meant the working together 
towards the accomplishment of a common mission, of all military persons, ie, 
“Team-work.” Before it can be attained, thorough coordination must be secured, 
This principle applies to everything that is done in the military service. Coopera- 
tion within a command is attained when everyone interprets his instructions in an 
intelligent manner and executes them in accordance with their spirit and the in- 
tent of the authority issuing them. Between independent commanders, coopera- 
tion is attained by each working for the common good without reference to in- 
dividual fortunes. 

Numerous definitions of geology are also available, and their essential 
element is the earth. One of the more concise, minimizing the historical 
aspect, and thus appealing more to the engineer, is: “Geology treats of 
the energy and substance of the earth” (Van Hise, 1906, p. 526). Its 
principles are supposedly well known to geologists, who seek to apply 
them in their field work. Often this is a very difficult matter—so much 
so that some workers have questioned the existence of a science of geology. 
Some of its problems have taxed the abilities of several generations of 
geologists, and other fundamental problems are stil! in the realm of 
speculation. When considered from the standpoint of the exact sciences, 
“whose conclusions are capable of being, and for the most part are, 
established by experiment and verified prediction,” it must be admitted 
that geology is not always an exact science. 

Neither is war—the great variable here being the human element; 
and often the failure to evaluate it properly upsets every other calculation 
a commander may make. 

Military geology may be defined simply enough as the application 
of geology to the art of war. Obviously, the. application of one inexact 
science to another, or of one art to another, especially geology to war, 
is fraught with difficulties, not only because the place of direct appli- 
cation is the theatre of war or the battlefield, but because a facile 
application can be made only by one who has mastered the principles 
of each. As Clausewitz remarked many years ago, “combinations which 
are easily planned on paper can be executed only with great effort” 
(Clausewitz, 1942, p. 61). 

The broad field of military geology may be subdivided naturally into 


three major branches: 


Military geology 
A. Economie geology of war materials 
B. Geographic applications 
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C. Military engineering geology 
1. Base areas 
2. Zone of combat 
a. Stabilized front 
b. War of maneuver 
Tactical applications 


The economic geology of ores, nonmetallic minerals, and fuels neces- 
sary to the conduct of war need not be considered here; but the relation- 
ships and ramifications of the subject are both numerous and complex 
(Smith, 1918, Pls. I, II). Exploratory programs are now being carried 
out by the Metals Section, Geologic and Alaskan Branches, U. S. 
Geological Survey, and by various sections of the U. 8. Bureau of 
Mines; and the economic and production problems incident to mineral 
development are being handled by the War Production Board, Metals 
Reserve Corporation, Petroleum Administration for War, and other 
Federal agencies. 

Geographic applications of military geology fall largely within the 
realm of strategy and logistics, or the disposition of armies preceding 
battle and their supply, and concern geology only to the extent that 
geology controls the major physical features of a region. They diminish, 
therefore, after the opposing forces are arrayed for battle and become 
subject to secondary features of terrain. Nevertheless, regional geographic 
control has been of great importance. It has been said that the collapse 
of the Moltke-Schlieffen plan for the invasion of France in August 1914 
was due partly to the failure of the Germans to pay sufficient attention 
to the ground when the plan was drawn up; and the same criticism has 
been made of the French Plan XVII, which was prepared to halt the ex- 
pected German drive (Duffer, 1932). In 1940 the Germans profited by 
their earlier mistake. With the rise of air transportation geographic control 
has been shaken, as in the recent New Guinea campaign, and it has 
never been as rigid and absolute as geographers would have us believe, 
for, as Rosinski (1943, p. 78-79) remarks, “no mere geographical fea- 
ture possesses in itself intrinsic unchanging value, but gains whatever 
temporary value it may acquire only in the ever-changing web of the 
political situation and its military instruments.” Even more forceful 
are the words of Foch (1918, p. 106) in comment on what he terms 
“senseless geography.” 


“An opening, a valley, are not particularly dangerous; there are roads outside 
the valleys, there are some on the highest plateaus, there are some wherever 
needed for commerce or the requirements of communication. The road in the 
valley or on the plateau is dangerous only by the use to which the enemy puts 
it. If the enemy does not use it, it has no tactical existence, and everything 
goes on as though it did not exist.” 
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Applications of military engineering geology in Base areas are essen- 
tially those of peace-time civil engineering: water supply, heavy foun- 
dations, construction materials, and so on, with much greater emphasis 
on expediency. In making the distinction between geology behind a 
stabilized front and geology in a war of maneuver, it is well to remember 
that these situations are reversible, and that mobile warfare may change 
over into trench warfare in only a few hours, depending upon the ease 
of construction of field fortifications. Many other worthwhile sugges- 
tions have been listed recently by Price and Woodward (1942) and by 
Heald (1942) and are typical of the sort of thing the geologist thinks 
he could or should do if opportunity were provided; but, no matter 
how valuable these services at times might be, such articles seldom reach 
the military man, or carry conviction when they do, because they fail 
to correlate what seems to be obvious geologic applications with the 
principles of his profession and to help him to fight better and win 
battles. 

DEVELOPMENT OF MILITARY GEOLOGY 


Informal applications of natural philosophy to war have been made 
from the earliest times, long before the development of the science of 
geology, by an occasional soldier who possessed that intuitive knowledge 
of terrain known as “an eye for the ground.” Herodotus (Book I, Par. 
75), for example, tells how the Milesian philosopher Thales diverted 
the river Halys in 585 B. C. to permit the army of Croesus to cross 
in the absence of bridges; and he relates also (Book IV, Par. 200) of 
mining and counter-mining by the Persians at the siege of Barca, where 
there was an early application of military geophysics by a Barcean 
worker in brass. However, systematic attempts to apply geology to 
war did not come for centuries. Among the earliest of these efforts 
were those of the Bavarian engineer Von Gronner in 1826, and his lead 
was followed in Austria in 1855 by Baron Schmidburg, in England in 
1862 by Captain Hutton, and in France in 1882 by Parandier (Draghi- 
ceanu, 1934, p. 5). Reference to geology and war was also made in 
1868 by Major General Portlock in his small treatise on geology. 

Throughout the long years of the American Civil War, although many 
officers on both sides were highly conscious of terrain, owing to previous 
service with the Corps of Topographical Engineers (Beers, 1942), little 
effort was made to apply any earth science to the conflict. Aside 
from Guyot’s (1863) description of the southern Appalachian region for 
the use of the Northern army, the only known practical applications 
of geology were in the planning of the wing and crib dams built on the 
Red River just above Alexandria, La., to save Admiral Porter’s gunboat 
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fleet trapped by falling waters during April 1864; and in the preparation 
of the Burnside mine under Elliott’s salient at the siege of Petersburg, 
Va., June-July, 1864. Lieutenant-Colonel Joseph Bailey, Chief Engi- 
neer of the 19th Corps, then commanded by General W. B. Franklin, 
supervised construction of the Red River dams, April 30-May 8, after 
preliminary surveys of the rapids by Captain J. C. Palfrey, U. S. 
Engineers (Irwin, 1888, p. 358); and a mining engineer from Pennsyl- 
yania, Lieutenant-Colonel Henry Pleasants, suggested the location and 
supervised the coal miners of his regiment in driving the galleries of 
the Burnside mine (Powell, 1888, p. 548-549). Maps and cross sections 
illustrating the accounts of these operations indicate a thorough appre- 
ciation of the geologic conditions at each locality. 

With the Confederate Army, according to Henderson (1905, p. 221), 
applications of the use of ground were much less advanced: 

“Lack of reconnaissance was a fruitful source of indecisive successes and of 
unnecessary loss. Movements were projected and carried out without previous 
exploration of the ground or selection of the most effective line of advance. Little 
care was taken to discover the weak points of the enemy’s position. The influence 
of topography upon tactics was unappreciated and the Confederate divisions at- 
tacked exactly where the adversary wished them to attack, instead of being 
directed by staff officers who, riding with the advanced scouts, had already made 
themselves acquainted with the ground, to the approaches most favorable to the 
assailant.” 

Evidence for the employment of geology in military operations during 
the Spanish-American war (1898) is not available, but shortly thereafter, 
during the Philippine insurrection, Dr. G. F. Becker, U. 8. Geological 
Survey, made numerous impromptu applications (M., 1899), referred 
to in the following quotation: 


“Dr. Becker early attached himself to the Bureau of Military Information of 
the Army, and soon became the right hand man of Major J. F. Bell, in charge. 
Official reports and papers that have since passed between Major Bell and the 
Commanding General, and letters from the officers to Director Wolcott, record 
numerous valuable services rendered by Dr. Becker to the army through the 
Bureau of Military Information, and also repeated acts of gallantry and soldierly 
usefulness in action, and accord him high praise for his conduct. He is repeatedly 
and strongly complimented by his military superiors, from Major Bell to Generals 
MacArthur and Otis. The reports, which cover events only to the middle of March, 
mention no fewer than 14 military reconnaissances and active engagements had 
with the forces, in all of which Dr. Becker took part.” 


Surely, these services entitle him to recognition as the first American 
military geologist. Unfortunately, Doctor Becker did not publish an 
account of his Philippine experience. 

Other substantial advances were made during the Russo-Japanese war 
in 1906, when the Russians sought geologic advice in preparing heavy 
foundations of permanent fortifications (Kranz, 1934, p. 194-201); and 
the Japanese made a survey of the economic resources of Chosen (Korea). 
In subsequent years, Russian army engineer officers were required to 
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take courses in geology, hydrology, and geomorphology; but elsewhere 
interest was more or less dormant until just before World War I. For 
many years, however, elaborate studies in military geography with 
emphasis on empirical description of topography had been carried on 
by the French; and several extensive monographs on terrain by General 
Berthaut (1909-1910; 1912), published by the geographical service of 
the French Army, made notable contributions to geology. Unfortu- 
nately, in the war which came so soon, this service was unable to supply 
practical geological data for tactical needs, and the French general staff 
tried to obtain the necessary information from academic geological 
sources, but it could not be applied immediately or effectively (Draghi- 
ceanu, 1934, p. 6). 

In Germany, in the meantime, the few studies that were being made 
laid stress upon geologic rather than geographic applications of geo- 
science to war. As early as 1913, Dr. Major Walter Kranz, then a 
captain in the corps of fortification engineers of the German Army, 
and later Director of the Geological Survey of Wurtemburg, had arranged 
special courses in military geology for other engineer officers and pub- 
lished a short article calling attention to the use of geology in war. 
Draghiceanu (1934, p. 5) implies that Kranz’s influence inspired the 
speech by the Minister of War, Von Falkenhayn, before the Reichstag 
in 1913, requesting the organization of a geologic service with each army 
corps; and he credits Kranz with being the “real originator” of German 
military geology. However, not much seems to have been done until 
after the organization of the geologic staff of the British Army in 1915; 
even as late as 1916, newspaper articles deplored the lack of organiza- 
tion in the geological work of the German Army. In general, the work 
of the British geologists excelled that of the Germans. Spurred on to 
greater efforts, the Germans are said to have made professional use 
of 250 geologists during the last year of the war, and about 100 of them 
are thought to have been employed on the Western Front. Additional 
details of the organization of the German geologic staff in World War I, 
as well as that of the British and American Armies, have been given 
by Lieut.-Col. A. H. Brooks (1920b, p. 93-96), Chief Geologist, American 
Expeditionary Force, in his professional paper on The use of geology on 
the Western Front. Particular emphasis has been placed upon the devel- 
opment of German military geology because of their sustained interest 
in this field in the years following the war, which resulted in a marked 
increase in excellent technical literature on the subject, coinciding, for- 
tuitously perhaps, with the rise of the Nazi Party in 1933 and the subse- 
quent rearming of Germany. 
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Turning again to the United States; within a few weeks of the decla- 
ration of war, April 7, 1917, the first semi-official American publication 
on the application of geology to war, What a geologist can do in war, 
was written by R. A. F. Penrose, Jr. (1917), under the auspices of the 
Division of Geology and Geography, National Research Council, but 
attracted so little attention that it was soon forgotten. Some months 
later, a somewhat more comprehensive textbook, Military geology and 
topography, appeared under the same auspices (Gregory, 1918). Al- 
though the chapters on Land Forms and Map Reading and Map Inter- 
pretation are as good as any that appeared up to that time, it contains 
little of interest to an experienced geologist and nothing of real appeal 
to a professional military man, fully justifying the naive remark in the 
preface that “the relation of geology to military activities is unfamiliar to 
American students.” In spite of this inadequate background, following 
the example set by the British Army, the geologic section of the American 
Expeditionary Force was established promptly as part of the office of the 
Chief of Engineers in September 1917, with Lieut.-Col. A. H. Brooks of 
the U. S. Geological Survey in charge (Brooks, 1920b, p. 94). Authoriza- 
tion had been obtained for the assignment of five geologists to each Army, 
or one for each Corps, but the armistice was signed before complete 
organization had been accomplished and before much practical work could 
be done. 

Field operations of the geologic staffs of the American, British, and 
German armies were conditioned largely by the more or less stabilized 
character of trench warfare on the Western Front and consisted chiefly 
of investigations contributory to such essential military engineering func- 
tions as water supply, field works, mining, and countermining. All these 
applications are covered thoroughly in the comparative flood of technical 
literature on the subject during and after the War (Table 1, 1915-1920), 
and seem to have fixed the pattern for the military use of geology in the 
minds of many high-ranking officers as well as interested geologists, be- 
cause in mobile warfare the importance of more or less permanent forti- 
fications and engineering works, except in base areas, is reduced in propor- 
tion to the extent of the probable area of combat. During the next period, 
1921-1925, the literature is notable chiefly for the German series on Die 
Kriegsschauplatze (Wilser, 1926-1929) and Villate’s (1925) important 
work on military geography in the French Army. The consensus of mili- 
tary engineering opinion is that geology did make worthwhile contribu- 
tions to the conduct of the war. However, with the exception of Villate’s 
book, the literature of these periods contains very little reference to the 
employment of geology in mobile warfare; and, inasmuch as for many 
years military thought suffered from a “defense complex,” with its implica- 
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tion that future land warfare would partake of the nature of a siege, 
progress in the application of geology to mobile type of warfare suffered 
accordingly. 

With the widespread relaxation of military thought and effort after 
World War I, interest in the use of geology even in stabilized fronts waned 
and all but died out, except in Germany. The following summary of 
literature on military geology illustrates the trend in emphatic manner, 
Table 1 is based largely upon a recent bibliography (Bucher, 1941; Siegrist 
and Platt, 1943), admittedly incomplete, but listing a sufficient number of 
titles to give some foundation for analysis. Were more to be considered, 
the additions would probably be first to the German list and second to the 
others (Roumanian, Russian, Swiss, and so on) with little or no change in 
the position shown. Only papers referring directly to some phase of 
military geology are included; titles with indirect bearing, such as those 
on aerial photography, geography, mapping, military sketching, and 
topography, are omitted. 


TaBLe 1—Analysis of literature on military geology 
Origin and Frequency of Titles 


Period United States British Empire France Germany Other 
ee 0 1 3 2 0 
| eae 26 4 1 28 0 
| ee 0 1 2 9 0 
oS 0 0 0 9 0 
2 0 0 10 4 
Ee eee 10 2 2 20* 5 


* German literature up to 1939 only. 


Two things are very apparent: the persistence of German interest in 
military geology, and the sharp increase in the number of titles im- 
mediately preceding the outbreak of World War II in September 1939. 
Examination of the contents of the literature for this period is likewise 
revealing. Chiefly noticeable are the appearance of articles of book length 
—practical handbooks (Wasmund, 1937; Von Biilow et al., 1938) on 
military engineering geology, the evidence of sound military collaboration, 
and an increasing awareness of the possibilities of using geology in a war 
of maneuver. Obviously the Germans recognized some geologic applica- 
tion that would promote the conduct of the war they were planning so 
carefully. 

Risk is one of the immutable characteristics of war—risk of defeat, 
of everything life holds dear, of life itself. It cannot be eliminated, some- 
thing must be left to chance; but it can be reduced, and the good general 
senses when it is at a minimum and then moves forward. If the interpre- 
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tation of a geologic map with a topographic base as outlined by Sonne 
(1936, p. 192-195) suggests anything at all, it is that by means of a sys- 
tematic analysis an improved form of terrain appreciation can be de- 
yeloped which goes far in reducing risks of ground by virtue of its ability 
to forecast the form and substance of terrain under almost any condition 
of weather and climate. Information of this type must have been found 
to be a prerequisite for the planning and conduct of the blitzkrieg, and its 
value to a commander in an encounter battle is priceless. In the light of 
the recent British success in North Africa, it is pertinent to quote some 
earlier remarks on terrain in this type of war by the commander of the 
VIII Army. Writing in 1937, General B. L. Montgomery said: 


“So important is ground, and so great can be the dislocation caused by obstacles 
and demolitions, that the initial encounters between two forces are likely to develop 
into endeavors to secure such ground as will enable the subsequent battle to be 
staged successfully. Failure to secure this ground may have far-reaching results, 
both tactically and administratively. Obviously, then, success in these initial en- 
counters will be the aim of every commander and he will have to consider most 
carefully the best dispositions for his force in order to insure this initial success. 
In thinking out the problem it must be remembered that a wholly mechanized unit 
or subunit is easily held up by obstacles covered by A. T. weapons, and that in 
order to defeat these tactics it will be necessary to have immediately available 
subunits that can operate on foot across country, using covered approaches and 
outflanking the resistance. Bridges, defiles, M. T. turning-points, road communica- 
tion centres—all these have now assumed an importance they never possessed 
before, and a commander will aim at securing such places as his forward move 
progresses” (p. 341-342). 


However, another British officer, Colonel (now Major-General, retired) 
J. F.C. Fuller (1926, p. 262) made perhaps the first approach to indicating 
the desirability of modern forecasts of terrain conditions in the following 
words: 


... there are many conditions which we can know—such as the nature of the 
theatre of war; the system of communications traversing it; the fortresses securing 
these communications; the commercial and industrial centres; and a host of other 
factors. From these we can plan out a strategical and tactical map on the lines of a 
geological chart, and from this map we can learn the possible and then the probable 
movements of the enemy.” 


Two years later, in writing on the future of military engineering, Fuller 
(1928, p. 26-27) elaborated upon this idea, and his words are quoted at 
some length: 


“Today (1928), land strategy is almost entirely woven on roads and railways, but 
cross country machines, though they will not abolish roads and railways, will give to 
strategy another dimension. Armies will be able to move as organized units where 
they never moved as such before, and this increase in strategical power will radically 
change present day tactics. Heretofore, great battles have generally been fought 
in the close vicinity of strategical avenues of approach; so much so has this been 
the case that it was often possible to predict where they would take place. But 
if these lines of approach widen in all directions, battles may take place anywhere 
in an extended and extensive area. The old conception of fronts may vanish alto- 
gether; fronts may be anywhere.” 
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In other words, General Fuller foresaw the release of strategy from 
geographic control. 
He continued: 


“The means whereby the engineer can supply information to the army must 
remain surveying and map-making. Mapping has now been reduced to so fine an 
art that on first thoughts it may seem there is little room for improvement. This 
would be a correct deduction if the armies of the future were to be similarly or- 
ganized to those of today. But this is not going to be the case, consequently what 
I will call ‘roadless’ strategy and ‘area’ tactics will demand a different type of map, 
To know where roads, railways and rivers run, where cities, villages, mountains and 
forests are situated will not be enough. All these common geographical features 
will be useful, but besides them must be added a host of strategical, tactical and 
administrative ‘features’. For example, ground will have to be colored to show 
where tanks and roadless vehicles can move at ease, can move with difficulty, and 
cannot move at all, so that at a glance a commander is able to see from his map 
how best to deploy his mechanized arms... . 

“In brief, the surveyor and map maker must more and more turn from purely 
civil map requirements to future strategical, tactical and administrative military 
requirements, on the accurate knowledge of which the movement and supply of 
armies will depend. Here is opened up to us a completely new theory of military 
cartography, and ‘its development is essentially one of the duties of the engineer. 
The side which possesses the best maps will strategically move the quicker, and 
tactically commit fewer blunders. Consequently, the better these maps are, the 
more will the engineer be able to assist the Army, and to the detriment of the enemy 
should he be less well provided.” 


The “new theory of military cartography” opened up here is essentially 


that devised by Sonne (1936) several years later, and now followed with 
improvement by the Military Geology unit, U. S. Geological Survey, in 


preparing terrain appreciation folios for the Intelligence Branch of the 
Corps of Engineers. 


COMPARISON OF MILITARY AND SCIENTIFIC THOUGHT 


One of the essential elements of military education is training in correct 
procedures of thought, so that, no matter how turbulent or confused local 
circumstances are, sound conclusions may be drawn from whatever in- 
formation is available. Officers of the armed forces of the United States, 
and of other nations as well, are instructed in the use of a rather definite 
procedure, which has but one purpose—to evolve a plan or reach a decision. 
The moral courage necessary for the execution of the plan falls under the 
heading of Leadership and is of no concern here. The outline followed is 
ealled an “Estimate of the Situation” (War Department, 1940b; Marine 
Corps Schools, 1937; Muller, 1940). That given below is highly skeleton- 
ized, but the major headings are more or less common to all forms of the 
estimate. Opposed to it is the standard procedure of scientific method or 
thought as used by the geologist. Facts are collected through field observa- 
tion, and inductive methods of reasoning are used to develop a hypothe- 
sis; then its consequences are tested by deductive inferences and further 
observation. The comparison that follows has been adapted, with some 
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modification in order to follow our own form of estimate more closely, 
from that made recently by Captain A. S. Wilson (1937), Australian 


Staff Corps. 
Military Estimate of the Situation Outline of Scientific Method 
1. The Mission. 1. The Problem. 
(The Tactical Situation) 
2. Opposing Forces. 2. Known facts, and assumed factors. 


Enemy forces. 
Our own forces. 
3. Possible Lines of Action. 3. Possible hypotheses. 
Open to the enemy. 
Open to our forces. 
4, Determination of our best course of 4. “— selected hypothesis. 


action. Deductive inference from the 
a. Analysis and comparison of suit-  Seatiaae: 
able courses of action (Deduc- b. Testing the deductions by obser- 
tive inferences from the course vations and experiment. 
adopted) 


b. Final evaluation of commander’s 
course of action (Testing against 
doctrine or principles 


of w 
5. The Donision or Plan. 5. Development of the hypothesis. 


No essential difference exists. This should be reassuring to the soldier 
intending to apply any science to war, because, even if he and the prac- 
ticing scientist do not have-a common technical vocabulary, the fact that 
the thought process is the same will give him confidence in the scientist’s 
conclusions; particularly so as the latter, like the soldier, is compelled to 
work with fragmentary and sometimes inaccurate information. 


TERRAIN 


Under the heading 2, Opposing Forces, in this Estimate of the Situation 
are usually listed many technical factors or elements conditioning local 
circumstances that may affect either the enemy or our own capabilities 
to act. Naturally, only those that apply are considered, and part of the 
art of war is to recognize those that are relevant; but certain of them such 
as Time and Space and Terrain are always present, and sometimes are 
common to both sides. These factors are generally inseparable, for Time 
and Space may limit or define the Terrain to be considered. The defini- 
tion of terrain in the United States Army (War Department, 1940, p. 6-21) 
is: 

“Terrain is an area of ground considered as to its extent and topography in rela- 
tion to its use for a particular military operation. From either direct observation 
or study of maps and aerial photographs the eye gets a picture of the ground with 
its drainage systems, commanding elevations, wooded and open areas, and works 
of man. Terrain appreciation is the evaluation of this picture to determine effect 
of the terrain on lines of action open to opposing forces in the area. 

“By reason of his specialized training the unit engineer is the terrain specialist 
on the unit commander’s staff. As such he must understand effect of terrain upon 
military operations and must be prepared to make recommendations thereon 
at all times, particularly in defensive operations. .. . 
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“Terrain is always evaluated in terms of five factors: observation, fields of fire, 
cover and concealment, obstacles, and communications.” 

Military literature of all ages, from Sun Tzu (500 B. C.) to Foertsch 
(1940), is replete with references to terrain, or “ground,” or “country” 
(they all mean the same), and they convey such a definite picture 
to the soldier that he seldom bothers to define it. That it includes 
the natural and artificial or cultural features of the ground is well under- 
stood; but whether, excluding surface relief, it possesses a third dimension 
or depth into the earth has caused uncertainty among some geologists. 
The generality of the official definition given above may be interpreted ag 
including the depth to which the heaviest artillery projectiles and aerial 
bombs may penetrate (War Department, 1940a, Table VI, p. 48; Table X, 
p. 54-55; Table XI, p. 56; Table XII, p. 56) and, further, the additional 
depth or cover necessary to secure protection from them (War Depart- 
ment, 1940a, Table XXVI, p. 214). The figures given allow a maximum 
depth of about 50 feet, and mining operations may involve work under 
considerably greater cover. Thus the geologist need have no fear that he 
is encroaching upon the terrain of the soldier if he insists that in addition 
to natural and cultural features it also include surficial and subsurface 
features. Here, then, in terrain, is the common meeting place of the 
soldier, the geographer, and the geologist. 

The soldier’s interest, of course, is purely utilitarian and objective; he 
“must make ground serve his purpose and never subordinate his initiative 
and will to limitations of terrain. Ground is only a means to the attain- 
ment of his objective, which is the enemy himself” (Muller, 1940, p. 14). 
There was a time, however, as Clausewitz (1940, vol. II, p. 238) pointed 
out, when generals debated whether “The battalion defended the mountain 
or the mountain defended the battalion.” An example is cited by Foch 
(1918, p. 29): 

“At that_time, war consisted of maneuvers, of positions. And so we see him 
(Henry of Prussia) making in 1806 the most unfortunate plans; trusting in particular 
the safety of the Prussian army to the position at Ettersberg near Weimar, exhort- 
ing the fleeing remnants from Jena to run there, as if the mountain alone without a 
strong army could in some way stop the victorious flow of the French.” 

The geographer, insofar as he is concerned with geomorphology, is 
interested chiefly in the description of the natural landscape and classifi- 
cation and labeling of land forms. The geologic foundation of geomor- 
phology was pointed out many years ago by Albrecht Penck (1906, p. 613), 
the noted German geographer. 

The geologist’s interests, however, not only cover these aspects of 
terrain, but go beyond. In the first place, the word also exists in his 
technical vocabulary, sometimes spelled “terrane”, and is defined as a 
geologic formation (a mappable rock unit), or a group of formations, but 
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usually as the area of surface over which a particular rock or group of 
rocks is prevalent. 

Land forms also intrigue the geologist because they result from the 
operation and interaction of geologic processes—weathering, erosion, trans- 
portation—upon geologic materials—rocks. His concern is not only with 
their substance but with their form as well, because, as Cotton (1942, 
Preface) has remarked, they give “access to a record—which is in many 
eases the only record available—of a late period in (geologic) history very 
scantily documented by stratigraphy.” He also knows that “Topographic 
features are not unrelated individuals with haphazard forms and posi- 
tions. They have been developed by geologic processes in an orderly 
fashion and to a large extent reveal their origin and history” (Gregory, 
1918, p. 162). This concept of a regular sequence of forms is embodied 
in the geologic principle of the physiographic cycle and has a bearing on 
several of the principles of war through terrain. When applied properly 
it forms the basis of forecasting terrain conditions and so gives to the 
geologist, more than to any other man, that easy understanding—some- 
times it is not so easy—or appreciation of land forms which is such an 
essential element of “an eye for the ground.” This has been called an 
“instinctive eye for configuration, the judgment of how distant ground, 
seen or unseen, is likely to lie when you come to it” (Amery, 1931, p. 53). 
All the great captains have had it: Alexander, Hannibal, Caesar, Marl- 
borough, Frederick, Napoleon, Lee, Sherman. They knew what Colonel 
Muller (1940, p. 123) has recently said so well, “The entire struggle 
between attacker and defender . . . hinges upon making correct use of 
terrain, and this depends upon interpreting ground forms, making best 
use of the ground despite its deficiencies, in short, having an ‘eye for 
terrain’ ”, 

With these men, however, an “eye for terrain” was not just a vague 
intuition, but the combined result of close personal observation, careful 
analysis of intelligence reports, and clear reasoning. In other circum- 
stances and times they might have become outstanding geologists and 
geomorphologists. Their method was common to all and has been de- 
scribed by Henderson (1905, p. 80): 


“If we look back on history, we ¢annot but be struck by the exceedingly im- 
portant part that the appreciation or neglect of the capacities of ground has played 
in every campaign. The most brilliant victories have been won by maneuvers 
which, if not suggested by the physical features of the battlefield, were at least 
deprived, by the nature of the ground, of half their risk. Rosbach, Leuthen, Aus- 
terlitz, Friedland, Dresden, Vittoria, Orthez, Chancellorsville, the ‘Green Hills of 
Plevna, are examples. Nor can we fail to notice that the object of the great masters 
of tactics in carefully reconnoitering the enemy was to discover the key point or 
points of his position, and to judge for themselves how each separate locality, wood. 
Village, farm, or hill, might be turned to account and fitted into the plan of battle. 
In short, we see in many most successful battles an almost methodical progression 
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from point to point, each successive capture weakening the enemy’s position and 
paving the way for a further and more decisive advance; and the method pursued 
seems to have been in every case the same. ‘By threatening the village on the left, 
seizing the wood in the rear of it, I shall attack the hill on his right, and having 
captured this, bring every available gun to bear upon the central ridge, and attack, 
under cover of their fire, in full strength. This, or something very like it, appears 
to have been the ordinary mental process of such leaders as Frederick, Wellington, 
Napoleon, and Lee, and in many respects it is still eminently adapted to the field 
of battle.” 

How much more complete this analysis would be with some application 
of geology! Then the estimate in part might read, “—I shall attack the 
hill on his right where the fragmentation effect of our fire will be great 
and he cannot be heavily entrenched owing to the hardness of the rock,” 


and so on. 
CORRELATION OF TERRAIN WITH THE PRINCIPLES OF WAR? 


The close and mutual associations of geology and terrain are indis- 
putable. Is there any correlation between terrain and the principles of 
war? If these principles still hold in this day of the blitzkrieg, if their 
correlation with the terrain over which the “blitz” moves is sound, and if 
our correlation of geology and terrain is valid, we may have the answer 
for those sceptical generals and timid geologists who doubt that modern 
geology can keep pace with modern war. 

In correlating terrain with the principles of war only those elements 
of the principles that have a bearing on terrain will be emphasized. 
Nevertheless, consideration even from this limited point of view illus- 
trates their singular unity, for the thread of terrain links them all together. 

Ordinarily, the tactical principle, “utilization of the terrain,” is em- 
bodied in the third principle of war, Mass (Superiority). Among its 
distinctive elements developed by efficient use of terrain are the five 
familiar factors of terrain evaluation: observation, fields of fire, cover and 
concealment, and communications. Others are position, central lines, 
command, decisive direction, or any other element of ground that will 
contribute to combat power. 

Terrain is utilized in the Objective (1) by assisting in the determina- 
tion and maintenance of decisive direction. Great confusion has resulted 
from loss of direction on the battlefield, collision of friendly units or 
deviation from the Objective sometimes resulting. In addition to the 
use of maps and compass, much dependence is placed upon direction lines 
or boundaries based upon easily recognized topographic features. These 
boundaries, of course, do not control the maneuver, but they must con- 
form to it. The Objective may also be defined in terms of terrain; but 


2Par. 3, p. 2-3, of manual on terrain (Marine Corps Schools, 1936) has been drawn upon freely 
in the preparation of this section, and unassigned quotations have been taken from it. 
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many times a unit overruns its objective or is stopped short of it because 
of failure to recognize the features of the ground. At their best, many 
boundaries and terrain objectives are indefinite; conspicuous landmarks 
change in appearance when viewed from different directions; maps may 
embody deceptive errors whose correction requires calm study; visibility 
may be poor owing to darkness, fog, dust, smoke; and above all, orienta- 
tion may be lost owing to shock of fire or combat. In World War I the 
matter of correct identification of the terrain was considered so essential 
that, before some large offensives, “a large-scale relief model of the battle 
area was constructed, and officers rehearsed the coming attack while study- 
ing this miniature representation of every hill, valley, knoll and ravine 
which they would have to cross (Johnson, 1920, p. 182). The French 
Service Géographique de l’Armee became so proficient in the preparation 
of these models that they could be supplied upon 24 hours’ notice. 

The principle of the Offensive (2) is also favored by taking greatest 
advantage of the terrain. Factors favoring the offensive are good frontal 
observation, compartments and corridors leading into the hostile position, 
few corridors leading from the enemy’s position, ground favorable for tank 
action, open terrain favormg maneuver, fields of fire and centralization 
of command, obstacles on the flanks and protected routes of communi- 
cations. 

Any area having terrain features on opposite sides that restrict observa- 
tion and prevent flanking fire by direct laying from an adjacent area is 
called a compartment of terrain. These features are an arbitrary funda- 
mental unit of convenience in military classification of terrain. Their 
size is widely variable depending upon the distance to the horizon from 
an observer in the compartment. It is essential to note that the con- 
trolling element in their delineation is not topography but direction of 
movement of the forces operating therein. Thus, if a compartment is 
elongated in the direction of movement it is called a terrain corridor. If 
the long dimension lies across the axis of movement, it is called a cross 
compartment. There may also be oblique compartments (War Depart- 
ment, 1940a, Par. 10, p. 8-12). 

The principle of Economy of Foree (4) is considered by some military 
writers (Fuller, 1928, p. 201) to be the fundamental or controlling law of 
war. Advance information as to the form and substance of the terrain 
may result in great Economy of Force. The land forms determine the 
naturally strong points or sectors that can be manned lightly, and the 
threatening approaches where corridors lead into a defensive position that 
must be manned more heavily. Sectors for the main effort and second- 
ary or holding attacks in offense are likewise suggested. A good example 
of the application of the principle >f economy of force in the choice of 
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a defensive position is Lee’s selection of the final Confederate position 
at Cold Harbor, Virginia, in June 1864 (Freeman, 1935, p. 437). The 
lithology of the ground determines where rapid and easy excavation is pos- 
sible, and where field works can be prepared only with great expenditure 
of effort, where fragmentation effect is high, subsurface drainage poor, 
and so on. All these factors may save time, effort, movement, and life, 
When areas of unfavorable ground are known, the enemy may be maneu- 
vered into them in order that his effort may be more wasteful and thus 
drain his strength and slow him down. 

In this connection, however, Clausewitz’s (1942, p. 43) warning should 
ever be in mind: 


“Never to depend completely on the strength of the terrain and consequently 
never to be enticed into passive defense by a strong terrain. For if the terrain 
is really so strong that the aggressor cannot possibly expel us, he will turn it, which 
is always possible, and thus render the strongest terrain useless.” 

Joseph E. Johnston (1888, p. 262), whose flank was turned numerous 
times by Sherman as he fell back on Atlanta, expressed the same thought 
in these words: 


“Mr. Davis descants on the advantages I had in mountains, ravines, and 
streams, and General Sherman claims that those features of the country were 
equal to the numerical difference between our forces. I would gladly have given 
all the mountains, ravines, rivers and woods of Georgia for such a supply of 
artillery ammunition, proportionally, as he had.” 

Johnston, it will be recalled, was a former member of the Corps of 
Topographical Engineers and a master in the use of ground; Sherman 
thought Johnston equalled Lee in all the elements of generalship. Another 
example from the American Civil War is the by-passing of the Confederate 
position on the North Anna River, Virginia, by General Grant, May 24, 
1864 (Freeman, p. 357 (map), 435) ; and many others could be cited from 
the present war, one of the most interesting being that of Dakar on the 
coast of French West Africa, which soon fell of its own weight like a ripe 
apple. 

The principle of Movement (5) is associated with the selection of routes 
that avoid obstacles, both tactical and protective. They may be of many 
kinds, and include such land forms as hills, ridges, or steep slopes in gen- 
eral, boulder-strewn slopes, woods, swamps, lakes and rivers, and gumbo 
or clayey soil that may be impassabe when wet and plastic and tenacious 
when drying out. Bentonitic shale, such as is so widespread on the Cre: 
taceous terrain of the Rocky Mourtain States, may suddenly become a 
formidable barrier under the influence of a passing shower. Rapidity of 
“ modern movement requires that the location and extent of these obstacles 
; be known in advance. Here again tie essential knowledge involves more 
than classification of land forms, far the proper selection of route also 
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demands selection of the route of greatest velocity. This element, when 
combined with Mass, develops momentum, which upon impact with a 
hostile force is released as shock; and shock is usually associated with 
Surprise. In country of low relief the lithology of the surface exerts 
greater control upon speed of movement than do the land forms. Efficient 
movement or mobility also depends upon the recognition and use of in- 
terior lines, the use of covered routes of approach, and “the selection of 
ground which permits the maximum use of fire power developed by the 
characteristics of modern weapons.” 

Surprise (6) is one of the fine arts of war and “still the most deadly 
of all weapons.” One must assume that the enemy “will devote the whole 
force of his intellect to the problem of bringing it about” (Henderson, 
1905, p. 56). Increased facilities for observation, mobility, and com- 
munications militate against it when combined with vigilance. Never- 
theless, our most serious military disasters have been obtained through 
our being surprised. In land warfare the terrain factors that contribute 
to surprise are increased or unsuspected efficiency of Movement, use of 
unknown or covered approaches, routes of unlikely approach, defiladed 
assembly areas, favorable lines of departure, and the offensive features of 
the ground. 

The essential element of Security (7) is vigilance. This is strengthened 
by the use of natural and artificial obstacles on the front and flanks, and _ 
cover from fire and observation. In the absence of complete information 
of the enemy, a thorough analysis of all terrain factors—topography, cover 
and concealment, ground characteristics, water conditions, and so on— 
is necessary to deduce his most probable dispositions, rate of movement, 
and the direction from which he may be expected to appear. 

Simplicity (8) is favored by thorough regional knowledge of the terrain, 
by designating boundaries and objectives that are easily recognized and 
assist in maintenance of the decisive direction, and “finally by directing 
simple maneuvers which conform to the mission assigned and are natu- 
rally adapted to the terrain.” 

Lastly, Cooperation or “Coordination (9) of effort is secured by assign- 
ing terrain objectives and tasks that provide mutually supporting opera- 
tions,” or allow unity of action. 


RELATION OF GEOLOGY TO THE PRINCIPLES OF WAR 


Brief as this outline of the chief relationships between terrain and the 
principles of war may be, it is evident that every principle is associated 
with one or more aspects of terrain, which provides the link with geology. 
Terrain is the common denominator of geology and war. Some of the 
principles exhibit closer relationships than others, and these appear to 
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be Mass (3), Economy of Force (4), Movement (5), Surprise (6), Se- 
curity (7), and Simplicity (8). 

Should any doubt remain as to the geologic control of terrain, all that 
is required for demonstration is a terrain map on which ground areas 
with similar characteristics are shown by identical patterns. When this 
is superimposed upon'a geologic map of the same region the areas of 
similar terrain usually will coincide closely with districts in which the 
geologic factors (stratigraphy or lithology, structure and physiographic 
stage), the hypsometric factor of altitude, and the meteorologic factor of 
climate are essentially equal. 

The most necessary requirement of the military geologist is a good 
geologic map. Speaking shortly after the last war to the Geological 
Society of Washington, Col. A. H. Brooks (1920a), the former chief 
geologist of the A. E. F., said: “Should warfare continue to develop on 
the scale and with the scientific refinement witnessed by the last five 
years, geologic maps will in time be considered almost as essential to 
offensive and defensive operations as are topographic maps.” 

With such a map in hand, observing physiographic stage as he proceeds, 
no matter what the rate, slogging along with the infantry, racing across 
the country with the armored force, or flying over it with the air force, 
the military geologist has “an eye for the ground”; indeed, he has more 
than that—he has insight into the ground. His mind can always be 
ahead, evaluating, appreciating, and forecasting every military feature 
of the terrain as it approaches and flows past. 


QUALIFICATIONS OF THE MILITARY GEOLOGIST 


What sort of man should this military geologist be? 

In the first place, he should be a professional geologist of the widest 
range of sound training and field experience in areal mapping, engineering 
geology, geomorphology, and the geology of unconsolidated materials. 
Particularly desirable are the qualifications of the engineering geologist, 
as outlined by Berkey (1929, p. 5). “He must have the principles of 
geology so well in hand and feel so sure of them in their application to 
the actual ground as it is that he is not in the least disturbed at finding 
everything of a geologic nature belonging to a particular project materially 
different from anything he has ever seen.” Text books and field manuals 
are of small value; once in the theatre of war it is too late for grounding 
in either theoretical geology or the theory of war. As Muller has said of 
the commander, “He must meet every new situation with an open mind, 
recognize novel and unprecedented conditions, and apply both knowledge 
and imagination with a deft touch” (Muller, 1940, p. 7). 


ihe 
7 
| 
} 
| 
— 
A q 
4 
2 ; 
i 
rei 


QUALIFICATIONS OF THE MILITARY GEOLOGIST 1191 


Secondly, he must be a soldier with qualifications that fit him for the 
Corps of Engineers. In addition to the basic training he should have an 
additional background of staff training and experience, for his function 
will be chiefly advisory and reconnaissance; but he must be able to fight 
and lead troops if through the fortune of war command should descend to 
him. However, his knowledge of military history, strategy, tactics, and 
technique of modern arms should be developed not so much for the pur- 
pose of command as for an analytical tool for evaluating the military 
features of the terrain. He should be able to appreciate the military situa- 
tion so that his work can be properly subordinated and correlated to the 
mission of the force to which he is attached. He should “know accurately 
and in detail what troops can and cannot do” so that impracticable and 
infeasible suggestions may be avoided; and he should be able “to foresee 
what the troops will be able and will not be able to do in the future” 
(Fuller, 1928, p. 24) so there will be no lapse in the continuity of his work. 
And he will ever bear in mind that the contributions he makes to terrain 
appreciation are only an aid to the attainment of the real objective, which 
is the enemy himself. 

SUMMARY AND CONCLUSIONS 


(1) Geology can be correlated with the principles of war through 
terrain. 

(2) As these principles are immutable, and do not vary with change of 
weapons or tempo of combat, it follows that geology can keep pace with 
modern war in its most fluid tactical phases. 

(8) Geology makes its chief contribution to war through the principles 
of Mass and Economy of Force, the fundamental law of war; but the prin- 
ciples of Movement (Mobility), Surprise, Security, and Simplicity are 
also strengthened through its application. 

(4) The total effect of the application of geology to these principles is 
superior information—upon which the possibility of success is principally 
dependent. 

(5) When all other things are equal, when the die is cast upon some fire- 
swept field, victory will come to him who makes best use of the ground 
and, like Antaeus of old, takes new strength from the earth. 
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FOREWORD 


Aerial photography has assumed such importance in the fields of 
science, industry, and war that it is necessary for many persons with 
little or no knowledge of this subject to make use of it either in teaching 
or practice. The literature on the reading and interpretation of aerial 
photographs is not voluminous, but it is so widely scattered through such 
diverse scientific and technical journals and books that it is difficult for 
an individual to assemble it quickly for study or use. 

This bibliography lists the most useful references in those fields in 
which aerial photographs are used. It is by no means complete. For 
those who wish to search further there is included a list of recent bibliog- 
raphies on aerial photography which contain many references on inter- 
pretation. The subject index provides a rough classification of the 
references under 11 general groups. 

The collection of the material for this bibliography was made possible 
by the financial assistance of the Geology Department of Princeton Uni- 
versity, which the compiler gratefully acknowledges. 

GENEVIEVE C. Coss, Compiler. 
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ABSTRACT 


The basalts and rhyolites of the Keweenawan of Minnesota have been invaded 
by the huge mass of the Duluth gabbro as well as by a great number of smaller sills. 
dikes, and irregular intrusives, mainly diabase. Close to the contact the flows are 
generally altered to fine granoblastic rocks which may not differ radically from the 
originals in mineral and chemical composition but are easily recognized by their 
texture. In the basalts the tendency is clearly to form a mineralogically simple rock 
consisting of plagioclase, pyroxene, and magnetite-ilmenite. The rhyolites tend to 
form a granular aggregate of acidic feldspar and quartz with minor amounts of other 
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minerals. Dehydration is the important chemical process in the development of the 
hornfels, but above the gabbro hydrothermal conditions at places may have pre- 
vented the formation of hornfels. 


The characteristics of the metamorphism here described are peculiar to the effect K 
of basic intrusives which in general form anhydrous minerals and a rock with granular 
texture with little sign of stress effects. of 
INTRODUCTION : 
? The northeastern portion of Minnesota lying north of Lake Superior b 
‘ is an area of over 4000 square miles underlain almost entirely by Ke- ge 
weenawan extrusives and intrusives. There are probably 30,000 feet of al 
extrusives of which 20,000 feet, lying between the basal Keweenawan n 
: sandstone near Duluth and the city of Two Harbors, has been carefully fe 
. measured by Sandberg (1938). An additional 2500 feet was measured la 
m by Grogan (1940) between Two Harbors and the mouth of Split Rock lg 
4 River. Detailed work in progress shows that there is a considerable n 
3 thickness of flows represented between Split Rock River and Two Islands si 
q in Cook County where the stratigraphically highest flow is exposed along V 
; the Minnesota coast. Intruding these flows, the Duluth gabbro, one of ef 
the large basic intrusions of the world, has a curving half-moon shape 
with an exposed length of over 160 miles and an estimated maximum § 
thickness of possibly 50,000 feet (Grout, 1918). Above the gabbro and si 
cutting the flows, often with great complexity, is a series of basic and a 
: lesser acidic intrusives. An unusual opportunity is thus afforded to ir 
4 study the contact metamorphic effect of basic intrusives on extrusives h 
A formed not long before. The writer became interested in the problem a 
: during field work for a thesis in 1922 (Schwartz, 1924) and has been § 
. afforded many opportunities to carry on additional investigations during . 
i field work for the Minnesota Geological Survey in the area at intervals sl 
since 1922. The paper on the Ely Greenstone (Schwartz, 1924) gives t! 
an extensive review of the literature, and references are accordingly d 
reduced to a minimum in the present paper. 5 
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GEOLOGIC RELATIONS 


The formations directly involved in the present problem are all of 
Keweenawan age. The Duluth gabbro along its base cuts formations 
of the Keweenawan, Huronian, and Archean systems. The metamor- 
phism of several of these formations has been previously described 
(Schwartz, 1924; Grout, 1933; Grout and Schwartz, 1933) and need not 
be reviewed here. At both ends of its exposures in Minnesota, the 
gabbro intrudes Keweenawan flows which are exposed both below and 
above the gabbro in and near Duluth and also about 140 miles to the 
northeast in Cook County. A contact metamorphic zone hundreds of 
feet in horizontal extent is normal, and where the gabbro is thick and 
lacking in an acidic facies at the top the contact effect seems particu- 
larly widespread. Perhaps the best place to observe this is in Duluth 
north of Skyline Boulevard and west of Kenwood Avenue where exten- 
sive exposures are visibly recrystallized over a distance of half a mile. 
Where the gabbro has the red rock segregate at the top, the contact 
effect seems slight, and hydrothermal effects are more conspicuous. 

Above the gabbro practically the entire Minnesota coast of Lake 
Superior and inland to the top of the gabbro is a maze of diabase intru- 
sives cutting Keweenawan basalts and rhyolites. Many intrusives have 
a general sill-like form, but large dikes are common, and all variations 
in form between the two are known. Only a portion of this complex 
has been mapped in detail, but Grout and Schwartz (1939, Pl. 6) give 
a fair idea of the complex. The largest sill along the coast of Lake 
Superior is the Beaver Bay diabase sill which is hundreds of feet thick 
and fully 7 miles long (Grout and Schwartz, 1939, p. 22-40). The intru- 
sives consist of diabases which include facies grading from troctolite, 
through olivine gabbro to normal gabbro, and red granite, locally abun- 
dant, closely associated with the diabase. Intermediate rocks are con- 
spicuously absent. At places the two rock types show a gradation by 
mixtures of diabase and red rock (Schwartz and Sandberg, 1940), but 
at other places they are evidently separate intrusions. 

The amount of recrystallization of the intruded rocks is naturally re- 
lated to the size of the intrusives, but there are some exceptions. Certain 
dikes have a much greater effect than sills of the same thickness, suggest- 
ing that the dikes were feeders, and the passage of large amounts of 
hot magma probably heated the wall rocks much more than would 
amore statie cooling mass. 

Papers by Grout (1918), Grout and Schwartz (1939), and Schwartz 
and Sandberg (1940) furnish a wealth of detail on the petrography and 
chemical composition of the gabbro and sills, and these details need 
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not be repeated. Earlier work by N. H. Winchell and his assistants js 
still a valuable source of information on the problem. 


NORMAL EXTRUSIVES 


The flows have been recently described by Sandberg (1938) for the 
area near Duluth, and by Grout and Schwartz (1939) for an area midway 
along the Minnesota coast of Lake Superior northeast of Duluth. It is 
necessary here only to note the varieties. The flows of the Minnesota 
Keweenawan are mainly of two widely separated types generally re- 
ferred to as basalts and rhyolites. Intermediate and ultrabasic flows 
are practically absent. The basic flows are classified as ophite, por- 
phyrite, and melaphyre. Most fiews are highly amygdaloidal in the 
upper portion, and this results in considerable variety in the mineralogy 
of the hornfels. 

The common primary minerals of the basalts are labradorite, augite, 
olivine, and magnetite-ilmenite. Alteration is common, especially of the 
ferromagnesian minerals to chlorite and serpentine. The amygdaloidal 
zones are commonly much altered, and zeolites, agates, epidote, chlorite, 
quartz, calcite, and iron oxides occur as fillings and as alteration prod- 
ucts. Oxidation of the iron minerals to hematite often gives the amyg- 
daloidal zones a reddish color. 

The rhyolites vary from felsitic to porphyritic in texture but are rather 
uniform in composition, containing mainly quartz and dusty red feldspar, 
usually soda-orthoclase (Schwartz and Sandberg, 1940, Table 1). The 
primary hornblende, usually not abundant, is now an aggregate of alter- 
ation products. 


CONTACT METAMORPHIC FACIES OF THE EXTRUSIVES 
TEXTURES 


The most consistent and extensive change in the metamorphosed basic 
‘ extrusives is textural. This is true in hand specimen and naturally even 
; more evident in thin section. There is rather conspicuous convergence 
to type as a result of extensive crystallization, so that regardless of orig- 
inal texture, size and shape of grains, the product has a hornfels texture 
with only moderate variation in grain size (Pl. 1). The recrystallization 
often results in a brownish granular rock not unlike brown sugar in 
appearance, for which N. H. Winchell used the term muscovadite (mus- 
covadyte). In this country petrographers seem to favor the term hornfels 
for the texture or for the rock facies. The term hornfels does not imply 
hornlike appearance but rather finely granular or sugary. Granulitic is 
the term much used in Europe, but Becke introduced the term grano- 
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blastic which has also been widely used. Microscopically the rock has 
a characteristic texture which is a result of the tendency of the pyroxene, 
olivine, and to a lesser extent magnetite to assume a globular, essentially 
equidimensional form. The term granoblastic texture serves but still 
does not designate the globular form of some of the constituents or the 
size limits. 

Uniformity of size of grain seems to characterize the hornfelses. Some 
of the original flows are porphyritic and have been called porphyrites 
in the Lake Superior area. These make up about 12 per cent of the 
flows in the Duluth area according to Sandberg’s (1938) estimates. The 
phenocrysts of the porphyritic flows naturally resist recrystallization 
longer than the groundmass; consequently the original porphyritic tex- 
ture is often recognizable in the hornfels. Diabasic (ophitic) texture is 
characteristic of a great many of the basic flows, and in these the lathlike 
form of the feldspars often persists somewhat in the hornfels, but the 
euhedral plagioclase crystals become scalloped as the groundmass recrys- 
tallizes. In some sections pyroxenes occur as globular inclusions in the 
feldspar phenocrysts. Possibly these simply project into the crystal from 
above or below the plane of the section. 

The acidic extrusives, mainly rhyolite, when recrystallized also become 
hornfels. The minerals are nearly equigranular quartz, red feldspar, 
and magnetite with subordinate ferromagnesian constituents; there is 
little of the globular tendency in the grains of any of these minerals 
(Pl. 2, figs. 4, 5). 

MINERALOGY OF THE BASIC FACIES 

General statement.—A brief examination of thin sections of the contact- 
metamorphosed basalts suffices to show that a very few minerals char- 
acterize the most severely metamorphosed facies. Table 1 shows that four 
minerals are present in all specimens—plagioclase, pyroxene, magnetite, 
and ilmenite. Hornblende is present rather consistently, but it is known 
from observation of gradational contacts that hornblende is converted to 
pyroxene close to the contact. Other fairly common recrystallization 
products are olivine, biotite, quartz, orthoclase, and apatite. Secondary 
or hydrothermal minerals—chlorite, serpentine, and epidote—occur in 
some but not in the most intensely recrystallized rocks. A few sections 
show retrogressive alteration of ferromagnesian minerals to chlorite and 
uralite. The hydrous nature of those minerals suggests hydrothermal 
conditions. Of much lesser importance but observed in some specimens 
are: sphene, talc, hematite, kaolinite, zircon, hisingerite, and limonite. 
There appears to be a strong tendency toward a simple mineralogic type 
consisting of plagioclase, pyroxene, and magnetite-ilmenite. 
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Feldspars.—In the metamorphosed basic flows plagioclase is abundant, 
usually free from much alteration. Most grains are anhedral and clearly 
recrystallized because the feldspars of normal flows are much more dusty 
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Ficure 1—Tabulation of important numerals of 64 hornfelses 


with alteration products. In the incipient stages of the development of 
granoblastic texture, lath-shaped plagioclase erystals are scalloped. 
Feldspar phenocrysts are often cracked, and extinction is incomplete 
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particularly in exterior zones. Plagioclases range in composition, and 
it would be surprising if they did not, in view of the alteration to which 
the flows were subjected before contact metamorphism and also the con- 
tribution which amygdaloidal fillings have made to the composition of 
recrystallized amygdaloidal zones. About half the plagioclase tested is 
andesine, one-third labradorite, and the rest oligoclase-andesine, oligo- 
clase, and andesine-labradorite. Orthoclase occurs in a few basic horn- 
felses derived from amygdaloidal zones. 

Bytownite and anorthite were not discovered in any hornfels nor in 
the basalt flows away from contact zones. Bytownite does occur in the 
anorthosite found with diabases intrusive into the flows along the north 
shore of Lake Superior (Grout and Schwartz, 1939). 

The most detailed modern work on the Keweenawan flows is that by 
Broderick (1935) on the flows of Keeweenaw Point. He found labra- 
dorite and andesine in the modes and the norms of these flows. Lab- 
radorite predominates, however, and is the average feldspar in the norms 
of both the thick flows studied in detail. 

The evidence suggests that the plagioclase of the hornfels is slightly 
more sodic than that of the fresh flows. 


Pyroxene.—The basic flows form hornfelses in which pyroxene is always 
abundant. Texturally, the pyroxenes play a most important role in the 
contact rocks as they tend to assume a globular form more than any 
other mineral, and the characteristic texture is thus closely related to the 
pyroxene content. The pyroxenes represent not only the recrystalliza- 
tion of pyroxene of the original rock but hornblende, chlorite, and pos- 
sibly other minerals. Fine dustlike inclusions of magnetite are common 
in the pyroxenes of some specimens. 

In the Keweenawan lava flows, augite is the common, though not 
exclusive, pyroxene. This was noted by Winchell (1900, p. 952) in his 
review of many years of work on the Keweenawan rocks of Minnesota. 
In the hornfelses derived from the Minnesota basic flows a variety of 
pyroxenes have developed. Augite is most common, but diopside and 
hypersthene also occur, and less commonly bronzite and enstatite. Two 
pyroxenes were found in several thin sections and are easily distinguished 
by variation in color, interference figure, and extinction angle. Diopside 
as colorless to slightly yellowish transparent grains was abundant in 
some recrystallized amygdules. It seems probable that augite is not as 
stable in the contact rocks as it is in the igneous rocks from which they 
were derived. This seems to agree with the generalized descriptions of 
pyroxenes in mineralogical texts. 
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Magnetite-ilmenite—Magnetite and ilmenite are apparently more 
abundant in the basalt hornfels (Pls. 1, 2) than in the normal basalt flows 
of the Keweenawan. They occur as the usual octahedral intergrowths 
and as grains. In thin section it is not possible to distinguish between 
the two, and they are accordingly reported together. Selected specimens 
were polished, etched with boiling HCl, and studied microscopically. The 
relations observed were those commonly found in titaniferous magnetites 
and need not be described in detail. 

The magnetite-ilmenite of the hornfels has evidently recrystallized 
to rather uniform size which is comparable to the size of the pyrox- 
ene grains (Pls. 1, 2). 

The abundance of magnetite-ilmenite may be in part a result of con- 
tribution as noted below under chemical data, but probably a more 
important factor is the recrystallization of all or nearly all iron oxides 
of the original flows to magnetite. 


Olivine——Most hornfelses do not contain olivine, but in a few it is 
fairly abundant. Two factors seem important. The Minnesota basalts 
are mainly diabase in which olivine is not important. Secondly, olivine 
seems to form only very close to the contact where metamorphism is 
intense (Schwartz, 1924, p. 123). Olivine assumes the characteristic 
globular form, thus resembling pyroxene at least superficially. 


Hornblende.—Many hornfelses, particularly those only moderately 
metamorphosed and several from near the top of the gabbro, contain 
hornblende in various amounts. Much of the hornblende is of the fibrous 
variety probably derived from augite. In some specimens, especially 
from above the gabbro, this is evidently hydrothermal in origin. Only 
rarely does it represent contact pyroxene that has retrogressed but as 
a rule it appears to be altered primary pyroxene or in some cases per- 
haps hornblende which developed during hydrotherma! conditions. 


Biotite——Though not characteristic of the flow hornfels, biotite, at 
least in small amounts, occurs frequently. The most conspicuous occur- 
rence is in a few contact rocks near or included in a diorite which occurs 
near or at the top of the gabbro in western Cook County. Here small 
biotite metacrysts with conspicuous poikilitic texture have developed 
(Pl. 2, fig. 1). In other localities the biotite occurs as scattered grains 
that have little effect on the general character of the rock. 


Secondary minerals—Chlorite, sericite, serpentine, epidote, and tale 
occur in some hornfelses. For the most part these seem to represent 
secondary, probably mainly hydrothermal, minerals which formed in the 
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basalts and have not been eliminated by recrystallization. They are, 
therefore, most abundant in the incipient and medium stages of the 
development of hornfels and are practically absent in the best hornfels. 
In some cases these hydrous and hydroxyl minerals may have developed 
in the contact rocks above the gabbro. 


Minerals derived from amygdules.—Particular attention was paid both 
in the field and in the microscopic study to the amygdaloidal basalts 
which had been converted to hornfels. These rocks vary from dense, 
hard, fresh-looking, spotted rocks to those having a fine sugary texture. 
In hand specimen the original amygdaloidal character is usually evident 
because the amygdules are either light-colored or form small protuber- 
ances on the weathered surface. In thin section the original amygdule 
areas may be relatively inconspicuous if the metamorphism has reached 
an advanced stage. 

The amygdules of the normal basalts of the north shore of Lake 
Superior are formed of the usual assemblages of zeolites, agate, various 
forms of quartz, calcite, epidote, chlorite, prehnite, iron oxides, apatite, 
and less commonly several other minerals. Of the zeolites, laumontite 
is most common. 

On recrystallization during the formation of the hornfels the minerals 
of the normal amygdules disappear except quartz. Of the new minerals, 
feldspar is by far the most common. Some amygdules are converted 
mainly to feldspar; others, no doubt largely agate in original form, now 
occur as a mosaic of recrystallized quartz. In some rocks certain areas 
representing former amygdules are composed mainly of feldspar, whereas 
anear-by area is mainly of pyroxene. When feldspar is the sole or prin- 
cipal mineral of a recrystallized amygdule it has a fine mosaic texture 
which contrasts with the rounded grains of pyroxene which are abundant 
in some recrystallized amygdules. Magnetite is lacking or rare in most 
amygdule areas, but in a few it is abundant and may show a zonal 
arrangement (PI. 2, fig. 2) resulting, no doubt, from a similar zoning of 
hematite or limonite in the amygdule. 

Pyroxene in most recrystallized amygdules formed from chlorite or 
possibly from combinations of other minerals containing the necessary 
elements. In thin section some amygdules had a continuous narrow zone 
of pyroxene (augite) around the outside and an interior of granoblastie 
augite, quartz, and plagioclase. Coarse aggregates of pyroxene with a 
little feldspar compose some of the amygdule areas, with pyroxene nota- 
bly coarser-grained than in the groundmass. Augite is common, but 
there is some orthorhombic pyroxene. Rarely a stringer of augite was 
observed; this probably represented an original chlorite veinlet. Biotite 
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was observed in several thin sections of amygdules; in some it occurs ag 
small metacrysts and may have many inclusions similar to those in the 
biotite of nonamygdaloidal hornfels (PI. 2, fig. 1). 

Quartz normally forms a mosaic when it is the principal or sole mineral 
of a former amygdule. In the incipient stage of metamorphism quartz 
may have a fine cherty texture. Apparently very severe metamorphism 
of the rocks would be necessary to incorporate the quartz in the silicates 
of the basic rocks because many amygdaloidal hornfelses still contain 
abundant quartz. 

One specimen contained a notable amount of apatite in recrystallized 


amygdules. 


MINERALOGY OF THE ACIDIC FACIES 


The acidic flows of the Minnesota Keweenawan are practically all 
rhyolites which consist mainly of pink feldspar and quartz. Feldspars 
are commonly euhedral and are almost invariably filled with earthy red 
hematite. Lesser minerals are augite, hornblende, magnetite-ilmenite, 
apatite, and secondary products, especially chlorite derived from the pri- 
mary ferromagnesian minerals which are rarely fresh. 

Good rhyolite hornfelses are not common for several possible reasons: 
(1) Rhyolite is much less abundant than basalt—Sandberg (1938, p. 827) 
estimates that in 20,000 feet of the Duluth flows one-eighth is rhyolite; 
(2) the known rhyolites are mainly above the Duluth gabbro where 
simple recrystallization is not as intensive as along the base of the gabbro; 
and (3) recrystallization in rhyolite may be slower than in basalt, per- 
haps because siliceous liquids are commonly viscous. 

An excellent hornfels derived from rhyolite porphyry was observed 
near a granodiorite contact on the shore of Wine Lake in T. 63 N., 
R. 5 W. of western Cook County, Minnesota. The groundmass of the 
porphyry forms a fine-grained mosaic which includes primary pheno- 
erysts dusty with alteration products; the edges are scalloped. The min- 
erals are orthoclase, oligoclase, quartz, biotite, magnetite-ilmenite, apa- 
tite, zircon, chlorite, and sericite. Magnetite-ilmenite are more abundant 
than usual in an acidic rock; biotite is associated. 

A recrystallized rhyolite at the contact of one of the sill-dike extensions 
of the gabbro in section 21, T. 63 N., R. 3 W., of Cook County is per- 
haps the most thoroughly recrystallized. The rock consists mainly of 
feldspar and quartz with a distinct sugary texture. Fibrous hornblende 
and magnetite-ilmenite with small amounts of sericite and chlorite are 
the lesser minerals. 

A rhyolite porphyry very close to the upper gabbro contact was ob- 
served near 4th Avenue West between 5th and 6th Streets in Duluth. 
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The groundmass is recrystallized to a mosaic mainly of quartz and 
feldspar (Pl. 2, fig. 4) whereas the phenocrysts are cracked and healed 
with secondary feldspar and contain some epidote and calcite but evi- 
dently escaped recrystallization (PI. 2, fig. 6). 

Rhyolite within 50 feet horizontally from the upper contact of the 
gabbro was observed during the excavation of a sewer tunnel beneath 
First Street in Duluth. The rhyolite, like all the rocks observed in this 
tunnel, has been much altered by hydrothermal action rather than con- 
tact metamorphism. Post-gabbro faulting may have thrown these rocks 
into contact with the gabbro, otherwise it is difficult to explain the 
absence of contact metamorphism. 

Ranta (1939) has described several examples of rhyolite inclusions in 
diabase and rhyolite in direct contact with gabbro. The writer has ex- 
amined the thin sections of these examples. In the field stringers extend 
from rhyolite inclusions into the diabase leaving little doubt that some 
of the rhyolite actually melted. For the most part, however, the inclu- 
sion or zone along the contact: recrystallized to a granoblastic texture 
which grades in a distance of a few feet at most to little-altered rhyolite 
porphyry. There is not much distinction between the stringers which 
were presumably molten and the portions which were merely recrystal- 
lized. Patterson (1942, p. 300) has recently described a somewhat sim- 
ilar example from Ireland where vein offshoots extend several yards out 
from xenoliths. Observation of these examples and examination of thin 
sections clearly show why confusion exists as to the exact process respon- 
sible for metamorphic changes near contacts. Under less clear conditions 
some geologists would no doubt refer the stringers to granitization. 


CHEMICAL DATA 


Glacial cover, confused relations, and the sill-like character of many 
of the intrusives make it only rarely possible to trace a specific contact 
rock very far. Thus good pairs of fresh and contact-metamorphosed 
specimens from the same flow were not usually obtainable. One occur- 
rence of hornfels (Pl. 1, fig. 3), however, seemed so typical and well 
developed that it was selected for analysis as an example of the com- 
position of the basic hornfels. The writer is indebted to A. E. Sandberg 
for calling his attention to this hornfels which occurs near the top of an 
exposure in a gabbro quarry near the 57th Avenue Station at Duluth. 

Comparison of this analysis with Broderick’s (1935) extensive analyses 
of Keweenawan basic flows shows that the silica in the hornfels is some- 
what low. Alumina is lower than most, but two of Broderick’s are still 
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lower, so the difference is not significant. Ferric iron is within the 
normal range, but ferrous iron is abnormally high. Magnesia, lime, 
soda, and potash are well within the normal range, but lime is somewhat 
above average. Low water content shows the essentially anhydrous 
nature of the minerals of the hornfels. Titanium oxide is more than 


Taste 1—Chemical analysis of hornfels inclusion in gabbro 


. 3.16 Ab 18.34 
. 1338 An 25.30 
. 644 Di 25.20 
. 1133 Hy 435 
. 652 99.40 
MaO . 
100.11 


three times the average of the flows as given by Broderick. The diabase 
sills at Duluth (Schwartz and Sandberg, 1940) also have a much lower 
content of titanium than the hornfels. The high ferrous iron and titanium 
content combine to form ilmenite which makes up 12.31 per cent of the 
norm. Inasmuch as this is well above the ilmenite content of any of 
the Keweenawan basic flows analyzed, the conclusion seems justified 
that titanium and possibly ferrous iron have been contributed from the 
gabbro magma to the hornfels. In many thin sections of hornfelses the 
magnetite-ilmenite is notably abundant (Pl. 1). That the Duluth gabbro 
magma has contributed large amounts of titanium to inclusions of iron 
formation was shown by Broderick (1917, p. 670) in his work on the 
titaniferous magnetite deposits in Lake and Cook counties of Minnesota. 
In writing of inclusions of Gunflint iron formation in the gabbro, he says, 
“the contact effects of the gabbro upon inclusions were of the most pro- 
found nature, and the process of recrystallization was carried further 
than in rocks bordering the gabbro. There is evidence of the addition 
of titanium on a large scale to some of the inclusions.” 

The Gunflint formation away from the gabbro is practically non- 
titaniferous, but analyses tabulated by Broderick show that inclusions 
of banded Gunflint contain .30 to 10.61 per cent TiO,. 

It is apparent that the hornfelses form mainly by recrystallization of 
constituents present with the elimination of water. Close to the contact 
or in inclusions ferrous iron and titanium are added from the gabbro. 
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Pirate 1—PHOTOMICROGRAPHS OF BASALT HORNFELSES 


Figure 

1.—Fine-grained basalt hornfels. White is plagioclase, gray pyroxene and black 
magnetite-ilmenite. Collected near upper contact of the Duluth gabbro, 
St. Marie Street and Center Avenue, Duluth. X 21. 

2.—Medium-grained basalt hornfels. Gabbro has soaked into this hornfels at the 
upper contact NW %4, SE %, sec. 9, T. 50 N., R. 14 W. X 28. 

3.—Contact of coarse gabbro and hornfels inclusion. Quarry at 59th Ave. W. and 
Columbia Ave., Duluth. X 25. 

4.—Coarse basalt hornfels from an inclusion. Same location as Figure 3. X 28. 

5.—Pyroxene aggregate in basalt hornfels. Remainder of slide plagioclase and 
pyroxene. Near upper contact of Duluth gabbro. 4th Ave. W. and 10th 
St., Duluth. X 21. 

6—Hornfels with high content of pyroxene and magnetite-ilmenite. White is 
plagioclase. 2nd Ave. W. and 2nd St., Duluth. X 28. 
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Prats 2—PHOTOMICROGRAPHS OF BASALT AND RHYOLITE 
HORNFELSES 
Figure 
1—Biotite metacryst in basalt hornfels. Island in Wine Lake. Cook County, 
Minnesota. X 35. 
2—Magnetite (black) zones in recrystallized amygdule. Basalt hornfels. Wine 
Lake area. X 30. 
3—High pyroxene (gray) area in basalt hornfels. Originally an ophitie patch. 
Southwest of mouth of Knife River, Lake Superior. X 40. 
4—Fine-grained rhyolite hornfels. Mainly quartz, feldspar (dusty gray), and mag- 
netite. 4th Ave. W., between 5th and 6th Streets, Duluth. X 65. 
5—Rhyolite hornfels. Subhedral quartz grains with a red dusty feldspathic matrix. 
2nd Ave. W., and 7th St., Duluth. X 21. 
6—Plagioclase phenocryst of a porphyrite (basalt) hornfels. The groundmass has 
a fine granoblastic texture. The phenocryst is fractured particularly at the 
ends. Quarry at Villa Scholastria, Duluth. X 21. 
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